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the host rock causes the reorganization of porosity and permeability through dissolution
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CHAPTER I
INTRODUCTION

The purpose of this thesis is to investigate the large flank margin caves of the
Bahamas with respect to their dimensions, age, duration of formation, and diagenetic
history of the host carbonate rocks. Flank margin caves are abundant in the Bahamas,
where they are believed to have formed by mixing dissolution in the margin of a freshwater lens, under the flank of the enclosing landmass, during the last interglacial sealevel highstand (Carew and Mylroie, 1995a; Mylroie and Carew, 1990; 1995a). Because
flank margin caves form in the fresh-water lens margin, whose position is controlled by
sea level, they can be successfully used in determining sea-level position at the time of
their formation.
During the last interglacial period, or Oxygen Isotope Stage (OIS) 5e, some 125
ka* ago, sea level was six meters above modern sea level (m.s.l.), for approximately
12,000 years (Chen et al., 1991; Muhs, 2002). Flank margin caves are consistently found
all over the Bahamas at elevations centered around 2-8 m above m.s.l. They have been
studied extensively for the past two decades by Mylroie and collaborators (e.g. Mylroie
and Carew, 1990; 1995a; 1995b; Mylroie et al., 1991; 1995; 2001; 2004) who concluded
that the size and position of flank margin caves suggest they were formed during OIS 5e
*

1 ka (kilo-annum) = 103 years; 1 Ma (mega-annum) = 106 years

1

2
(Carew and Mylroie, 1995a; 1997; Mylroie and Carew, 1988; 1995b; Mylroie et al.,
1995).
The largest of these voids have always been somewhat problematic, and therefore
their genesis has not been thoroughly addressed. Because of their large size and the
height of some of their phreatic-dissolutional ceilings (well over 6 m), this study proposes
to examine the viability of a scenario in which their genesis could be tied to earlier sealevel highstands. The largest caves found on some of the Bahamian islands (e.g. Crooked,
Abaco, Eleuthera or Long Island) seem too large to have been formed during OIS 5e, so
the possibility may exist they formed during a very long and high sea-level highstand
during the mid-Pleistocene (OIS 11) when sea-level may have been 20 m higher than
today (Bowen, 1999; Brigham-Grette, 1999; Hearty et al., 1999), or as the result of
successive shorter highstands (e.g. OIS 9 and 7).
Over the past few years a controversy has surrounded the question of duration and
amplitude of sea-level highstands prior to OIS 5e in the Bahamas. According to Carew
and Mylroie (1995a; 1997), no marine subtidal deposits older than OIS 5e have been
found in subaerial outcrops in the Bahamas and the oldest exposed fossil corals, found at
elevations of 0-4 m above m.s.l., were dated as OIS 5e. Hearty and collaborators (Hearty,
1997; 1998; Hearty and Kindler, 1995; Hearty et al., 1999) have reported the existence of
pre OIS 5e beach and storm deposits at elevations up to 21 m above m.s.l., and have
attributed them to a very high sea level during OIS 11, using methods such as amino-acid
racemization to construct a stratigraphy. Earlier sea-level highstands above m.s.l. may

3
have left marine deposits that are now covered by younger deposits, or that have been
removed by erosional processes, so it would be hard to gather data from those proxies.
To answer some of the questions regarding former sea level positions, a
quantitative cartographic assessment of the large flank margin caves was conducted in
order to determine the volume of removed CaCO3. This approach might provide the
answer to the problem of mixing dissolution being able to accomplish the formation of
big voids in the time span allowed by current theory (Carew and Mylroie, 1995a, Mylroie
et al., 2001; 2004). The three dimensional geometric mapping of these features and their
relationship with the overlying topography was used to calculate dissolution rates, asses
the areal extent of their footprint, and determine macroporosity. In addition, rock samples
from different locations in these caves provide an inside look at the initial conditions of
the host rocks, and at the early diagenetic signature and state of porosity development. As
opposed to stream caves, which have discrete flow paths along which geochemical
conditions progressively change, flank margin caves access unique, independent
geochemical potential at all locations in the distal margin of the fresh-water lens.
Flank margin caves have the potential of containing information that could solve
the sea-level highstand problem not only in the Bahamas but also in any environment that
they have been produced –such as uplifted, tectonically active islands where glacioeustasy has been overprinted, as in the case of the Mariana Islands (Mylroie et al., 2001)–
while also refining the Carbonate Island Karst Model, which synthesizes all the
information on island karst (Mylroie et al., 2004).

CHAPTER II
SETTING

Geography of the Bahamas
The Bahamas Archipelago is located in the southwestern part of the North
Atlantic province and includes over seven hundred islands and cays that extend for more
than 1000 km on a northwest-southeast trend, from Florida to the Greater Antilles
(Fig. 1). The islands represent the emergent parts of several shallow carbonate platforms,
the largest and most important ones being the Great and Little Bahama Banks in the
northwestern part. In the southeastern part are several smaller platforms, including the
politically separate Turks and Caicos Islands, and also the Mouchoir, Silver and Navidad
Banks. The larger banks are separated by deep channels or troughs while the smaller ones
are surrounded by abyssal plains. The islands predominantly occupy the eastern sides of
their banks, which is also the windward flank. The topography of the islands is dominated
by eolian ridges, usually lower than 30 m, with a maximum elevation of 60 m on Cat
Island. Separating the ridges are lowlands and swales that are frequently occupied by
fresh-water to hyper-saline lakes.
The climate of the Bahamas falls in the A (tropical/megathermal) climate
category of Köppen's classification system (1936). Tropical climates are characterized by
constant high temperatures at sea level and low elevations, with the average temperature
of the coldest month higher than 18°C.
4

5

N

Figure 1. Geographical setting of the Bahamas (reproduced from Maps of the Americas,
2005).
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Notable differences in humidity can be observed between the northern islands,
which have a positive annual water budget, and the islands in the south, which are
characterized by a marked dry season, with the driest month having less than 60 mm of
rainfall, resulting in a negative annual water budget (Fig. 2; Whitaker and Smart, 1997).

Figure 2. Regional variation of rainfall in the Bahamas (from Whitaker and Smart, 1997).
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Geology of the Bahamas
The Bahamian platforms constitute the classic example of carbonate depositional
environments of today, but their origins are tied to the Mesozoic continental rifting that
led to the establishment of the North Atlantic Ocean Basin. The nature of the crust
underlying the Bahamian archipelago and the history of the banks and channels that form
it are subject of much debate (see Dietz et al., 1970; Meyerhoff and Hatten, 1974;
Mullins and Lynts, 1977; Sheridan et al., 1988). According to the synopsis of Sheridan et
al. (1988), the underlying crust is a product associated with the rifting of Pangaea in the
late Middle Jurassic. In the northernmost Bahamas it is a transitional rift crust composed
of tilted fault blocks of Jurassic volcanoclastics, while in the southeastern part it has an
oceanic nature. The origins of the isolated banks and the deep troughs that separate them
are also disputed among different authors. Mullins and Lynts (1977) proposed that this
segmentation is inherited from the horst and graben topography associated with the early
stages of rifting, reflecting direct structural control. Dietz et al. (1970) stated that the
bank and channel structure is a result of the dynamic equilibrium between carbonate
deposition and erosional processes, while Meyerhoff and Hatten (1974) support the origin
of a former unsegmented megabank that evolved since the Cretaceous Period. Late
Cretaceous and Cenozoic faulting and tilting played an important role in defining the
present configuration of the Bahamas (Eberli and Ginsburg, 1987; Sheridan et al., 1988;
Melim and Masaferro, 1997). Today, the Bahamian islands are considered to be
tectonically stable, with only isostatic subsidence occurring at a rate of 1-2 m per 100 ka,
at least for the last half million years (Carew and Mylroie, 1995a).
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The Cenozoic depositional history of the Bahamas is tightly connected to global
sea-level changes, reflected in the subsurface stratigraphy. Melim and Masaferro (1997,
and references therein) provide a detailed discussion of the evolution of the Bahamian
carbonate banks. The subsurface stratigraphy has been investigated by means of various
geophysical methods (seismic refraction and reflection, gravimetry, magnetics, etc.) as
well as by drilling deep and shallow wells and boreholes. The seismic facies models for
the Bahama platforms describe them as flat-top banks with a steep eastern margin and a
gentler, ramp-like slope on the western side (Fig. 3). This is important because it means
that the carbonate sediment factory was still at work on the western side during periods of
lower sea level, when sediment production would have ceased on the eastern margin.
This situation persisted during most of the Cenozoic, leading to a pattern of aggradation
and progradation intervals in response to changes in sea level. During the Pleistocene
however, sea-level lowstands provided minimal sediment production, as most of the
platforms were exposed to meteoric diagenesis as a result of the high amplitude of the sea
level change (up to 125 m). The resulting change in bank profiles was accompanied by a
shift in sedimentation patterns at the end of the Pliocene, as open-marine skeletal facies
were replaced by primarily non-skeletal facies, dominated by oolitic and peloidal
sediments (Melim and Masaferro, 1997).
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Figure 3. a) Map of the Bahamas showing the outlines for the shallow banks and deep
ocean plains. Note the convergent plate boundary at the bottom of the figure
(from Carew and Mylroie, 1995a). b) Cross-section over northwestern Great
Bahama Bank showing distribution of seismic facies: 1) modern bank surface;
2) progradational and aggradational margin deposits; 3) buried banks; (from
Melim and Masaferro, 1997).
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Although the subsurface geology of the Bahamas is well documented, the
surficial deposits received little attention until the 1980s. The Quaternary history of the
sedimentary environments is linked to glacio-eustatic sea-level changes, which
determined the area of exposed carbonate banks at different times during the Pleistocene.
During glacial periods, sea level was low, resulting in complete exposure of the
platforms. This in turn would have determined a totally different physiography of the
northern part of the archipelago, with the Great and Little Bahama Banks being two very
large islands. In the southern part, the Mouchoir, Silver and Navidad Banks became
islands, but most of the present day islands experienced only minor increase in size
(Carew and Mylroie, 1995b; Fig. 3). Carbonate production was low, leaving the exposed
platforms under the influence of surficial weathering and erosive processes.
During the shorter interglacial periods, as the banks became flooded, shallowwater carbonate production resumed, providing material that infilled lagoons and became
reworked into beach deposits and subsequently into back-beach eolian dunes (Carew and
Mylroie, 1995b; 1997). These young, diagenetically immature (or eogenetic) eolianite
ridges, separated by lowlands of marine and terrestrial sedimentary nature, are the
predominant features of the Bahamian landscape of today (Carew and Mylroie, 1997).
The first to describe the surficial geology of the Bahamas, and attempt a
lithostratigraphic classification, was Titus in 1980. The general view at that time was that
the eolianites were mostly formed during regression from glacioeustatic high-stands,
when the banks became exposed. The sediment was thought to be reworked into
regressive sequences during the still-stand and subsequent sea-level drop (Titus, 1980;
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Garrett and Gould, 1984). Through the research of Carew and Mylroie (1985, 1995b,
1997) it has become widely recognized that eolianite deposition begins during the
transgressive phase, when subtidal sediments produced in the early stages of platform
flooding are transported into the beach environment and further reworked by eolian
processes into carbonate sand dunes (Fig. 4a). As sea-level reaches the high-stand,
sediment production remains high but reef development reduces the wave energy in the
foreshore environment, leading to a decrease in eolianite deposition. During the stillstand
phase, the near-shore eolian packages that escaped erosion due to wave action are
subjected to early cementation caused by sea spray and meteoric precipitation, leading to
the development of thin micritic crusts. Dunes become increasingly vegetated, causing
protosols (immature soils) to accumulate (Fig. 4b; Carew and Mylroie, 1995b). During
sea-level fall, the depositional environments migrate towards the platform margin,
allowing the lagoonal sediments to be re-worked by wave base and sent to the beach.
This extra sediment supply drives a new phase of eolianite production, causing marine
deposits to be onlapped by regressive eolianite packages. These dunes form in an
ecologically-mature beach environment, so they are typically heavily vegetated and are
found in the rock record as sediment bodies with the internal structure disrupted by the
presence of extensive vegemorphs (Fig. 4c). Transgressive eolianites, on the other hand,
form when the beach environment is ecologically immature, and they vegetate to a much
lesser degree. As a result, they have few trace fossils and can be separated in the rock
record by this criterion from regressive eolianite packages.
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Figure 4. Diagrams showing the four stages of depositional development of a Bahamian
island during an interglacial-glacial sea-level fluctuation: a) transgressive phase,
b) stillstand phase, c) regressive phase, d) lowstand phase. (Modified from
Carew and Mylroie, 1995b).
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Figure 4. (continued).

Each of these transgressive-regressive sequences is capped by an indurated
surface representing the period of karstification and pedogenesis associated with sea-level
lowstands (Fig. 4d). These cycles are the basis for the stratigraphic classification devised
and refined by Carew and Mylroie (1985; 1995b) and Panuska et al. (1999) on San
Salvador Island, but which is applicable throughout the archipelago (Fig. 5).
The oldest units belong to the Owl’s Hole Formation and can be recognized as
eolianite packages capped by a terra-rossa paleosol that can be demonstrated to be
overlain by a younger Pleistocene unit, e.g. another stack of eolianites which in turn have
their own paleosol on top, or by subtidal deposits (Carew and Mylroie, 1995b). Owl’s
Hole Formation comprises deposits that are older than OIS 5e, representing several
glacio-eustatic cycles, presumably extending back to OIS 13 (Hearty, 1998). Panuska et
al. (1999) divided the Owl's Hole Formation into the Lower Owl's Hole and the Upper
Owl's Hole, after identifying and defining the Sandy Point Pits Magnetozone from a
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series of paleosol samples collected and magnetically assessed from the location with the
same name on San Salvador Island.

Figure 5. Lithostratigraphic column describing Late Quaternary Bahamian geology (from
Panuska et al., 1999).
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Last interglacial (OIS 5e) facies are included in the Grotto Beach Formation,
which is further subdivided into the French Bay and Cockburn Town Members. The
Grotto Beach Formation is separated from the Owl's Hole Formation by the Gaulin Cay
Magnetozone (Panuska et al. 1999). The French Bay Member is interpreted as a
transgressive unit composed of eolianites that retain their internal structure, contain
limited vegemorphs and are in places intersected by wave-cut benches on which fossil
corals can be found. The Cockburn Town Member represents the still-stand and
regressive phases of OIS 5e and includes all the subaerially-exposed marine deposits in
the Bahamas. The subtidal deposits, which extend up to 4 m above m.s.l. are represented
by herring-bone cross bedded shoals, lagoonal and ebb-tide delta deposits and fossil
reefs. These units upgrade into beach, back-beach, and eolianite deposits, with no
paleosol or calcrete intervening in between. As opposed to French Bay eolianites,
Cockburn Town eolianites present massive vegemorph development which overrides
primary internal bedding and can contain caliche crusts and calcarenite protocols. They
are often found to entomb reefs and other subtidal facies but without showing evidence of
wave erosion, and are in turn overlain by a red paleosol, ascribed to the Fernandez Bay
Magnetozone (Panuska, 1999).
Holocene rocks and sediments are incorporated in the Rice Bay Formation, and
are recognizable in the field as eolianite and beach facies characterized by the absence of
an overlying terra-rossa paleosol. The Rice Bay Formation is divided into the North Point
Member and Hanna Bay Member based on the presence of two generations of eolianites.
The North Point Member represents the first pulse of eolian deposition during the OIS 1
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transgression and encompasses all Holocene dunes with foreset beds dipping below
modern sea level. The still-stand phase of the current interglacial is represented by beach
and eolian deposits with foreset beds that are asymptotic to present sea level (Hanna Bay
Member). The physical relationship between the Holocene deposits is backed up by
radiometric ages. Radiocarbon dating on whole-rock samples yielded ages of around 5 ka
BP for the North Point Member and around 3 ka BP for Hanna Bay rocks (Carew and
Mylroie, 1995b).

CHAPTER III
BACKGROUND

Carbonate Island Karst
The Carbonate Island Karst Model (CIKM) (Mylroie and Carew, 1995a; Mylroie
et al., 1995; 2001; 2004) is used to explain karst development on young carbonate
islands, which differs substantially from continental karst, formed in telogenetic rocks.
The hydrology of small carbonate islands, and hence karst formation, is intrinsically tied
to the presence of a fresh-water lens, which floats on saline ground water due to density
contrast. The Dupuit-Gybhen-Herzberg model (see Vacher, 1988) characterizes the
configuration of a fresh-water lens and states that the depth of the fresh-water lens below
sea level is 40 times its height, relative to the same reference (Fig. 6a).
The total thickness of the lens is determined by the quantity of meteoric recharge
(which is autogenic in the Bahamas) and permeability of the aquifer, with the size and
topographic expression of the host landmass acting as limiting factors. Distortions in the
lens can be induced by lithological boundaries, such as terra-rossa paleosols. Ideal flow
through the fresh-water lens is diffuse, and discharge into the sea occurs at its distal
margin. If the transition between the lens and the saline groundwater is sharp, the contact
is called the halocline, whereas if the transition is a broad zone, mixing of fresh water and
salt water occurs at a wide interface called the mixing zone (Fig. 6a).
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In addition to the mixing of waters at the bottom of the lens, mixing also occurs at
the vadose/phreatic interface, where percolating meteoric water reaches the water table.
A number of workers (Plummer, 1975; Bögli, 1980; Dreybrodt, 2000) have demonstrated
through field measurements or laboratory experiments that when two aqueous solutions,
each saturated with respect to calcium carbonate, are mixed together, the resulting
solution will be undesaturated in CaCO3 (Fig. 6b). Therefore, the two geochemical
mixing environments of the fresh-water lens also have a high dissolutional potential. At
the lens margin, where the top and bottom mixing interfaces become superimposed, they
create an environment of renewed chemical aggressiveness.
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a)

b)

Figure 6. a) The Dupuit-Ghyben-Herzberg Principle (diagram modified from Mylroie and
Carew, 1990). b) Mixing corrosion diagram: the combination of saturated
solutions A and B does not give saturated solution D, but produces solution C,
which is undersaturated with respect to CaCO3 (from Dreybrodt, 2000).
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The CIKM is governed by five main elements:
1) Limestone dissolution is enhanced at the vadose/phreatic and fresh-water/saltwater interfaces due to mixing effects and oxidation of organic matter at these density
interfaces.
2) The position of the fresh-water lens has fluctuated through a vertical range of
over 100 m, due to Quaternary glacio-eustasy.
3) Local tectonics can overprint glacio-eustatic events, adding to the complexity
of the record.
4) The karst is eogenetic, having been formed in eogenetic rocks, which are
young rocks that never underwent burial beyond the range of meteoric diagenesis.
5) Carbonate islands can be classified into four subcategories according to their
complexity in terms of geologic and eustatic history (Fig. 7):
A) Simple carbonate islands (no non-carbonate rocks);
B) Carbonate cover islands (non-carbonate basement beneath a carbonate veneer);
C) Composite islands (carbonate and non-carbonate rocks exposed at the surface);
D) Complex islands (complex relationships between carbonate and non-carbonate
rocks due to faulting and facies interfingering).
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Figure 7. Carbonate Island Karst Model (CIKM) (adapted from Mylroie et al., 2001).
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The Bahamian islands are classified as simple carbonate islands, with carbonate
rocks extending well below the depth of the fresh-water lens. The non-carbonate basement affects in no way the hydrology and modern geologic development of the islands.
Karstic features in the Bahamas include karren, depressions, pit caves, water-table caves
(phreatic caves, banana holes), lake drains, flank margin caves and blue holes (Fig. 8;
Mylroie and Carew, 1995b). Flank margin caves are the largest of the karst features that
can be found above the water table in the Bahamas. They form under the flank of the
enclosing land mass, in the margin of the fresh-water lens, where dissolution due to freshwater/salt-water mixing is superimposed with vadose/phreatic mixing. This creates an
environment well-suited for cave formation. Dissolution can be enhanced by the
oxidation of decaying organic matter trapped at the lens interface (Bottrell et al., 1993).

Figure 8. Diagrammatic representation of a carbonate island showing the main carbonate
island karst features (from Mylroie and Carew, 1995a).
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Flank margin caves are classified as hypogenic caves (Palmer 1991), having no
direct connection to the surface hydrology. They form as closed mixing chambers in
which the reacting solutions enter by diffuse flow; true conduit flow is absent. As they
become progressively larger, the mixing front migrates inland, towards the back of the
chambers, following preferential pathways coincident with discrete fresh-water inflow
routes (Roth, 2004). Openings to the surface are somewhat arbitrary as the caves are
breached during the process of erosional slope retreat.
Roth (2004) showed that flank margin caves statistically self select into three
categories, according to their areal footprint: small (<100 m2), medium (100 - 1000 m2)
and large (>1000 m2). All the caves originate at the microscopic scale, as dissolution
creates a network of interconnecting pores. As the voids get larger they tend to intersect
each other and create globular, vertically-restricted, small caves. Clustering of small
caves results in medium and finally large cave formation. With ever-increasing size, the
pattern of flank margin cave development becomes more predictable. Concordantly, the
very large caves have linear footprints, following the trend of the lens margin in which
they originated (Fig. 9). The single most important condition that allows for large cave
occurrence is lens residence time, which has to be sufficiently long in order for these
caves to develop (Roth, 2004). Under the current state of evidence this period is limited
to 12-15 ka, which has tremendous implications towards the amount of carbonate
material removed in this short time span.
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a)

b)

Figure 9. Development of secondary microporosity (a) and macroporosity (b) in the
margin of a fresh-water lens (from Roth, 2004).
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Oxygen Isotope Stage 11
It is generally agreed that OIS 11 was a period of prolonged warmth and that sea
level was at least at present position (Hodell et al., 2000; Howard, 1997; McManus et al.,
1999). Evidence for this comes from both terrestrial and marine archives. Questions that
still remain unanswered are how much warmer and longer was this so-called "super
interglacial", and how much higher was sea level during OIS 11.
Evidence of sea-level positions of up to 20 meters above present sea level has
been reported by several authors from different sites around the world, but this evidence
is inconclusive as it relies on either calculated uplift rates based on OIS 5e terraces or on
unreliable dating methods. Brigham-Grette (1999) reports several uplifted shorelines of
mid to late Pleistocene sea level positions from the coast of Northwestern Alaska, with a
prominent one at 22-23 m above sea level (a.s.l.). This highstand is correlated with OIS
11 based on several lines of evidence including U-trend dating, amino acid age estimates
and diatom biostratigraphy. Tephra layers and basalt flows also constrain the age to
middle Pleistocene but the possibility that these deposits are correlative with stage 9 or
even 13 is not ruled out by the author. But it is not clear what the rate of uplift was and
where sea level would actually have been at the time of the formation of the sequence.
A very high sea-level highstand has also been reported from the tectonically
stable platforms of the Bahamas and from the island of Bermuda. Hearty et al. (1999)
propose that sea level rose up to 22 m during OIS 11, based on the occurrence of lithified
sand deposits with horizontal internal bedding on Eleuthera Island (Bahamas), and of a
conglomeratic facies in a cave on Bermuda, both at over 20 m above m.s.l. The sands on
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Eleuthera are interpreted as beach sediments and assigned to OIS 11 based solely on
whole-rock amino acid dating. The physical evidence does not support this assumption
though. Sand pockets deposited by recent storm events can be identified throughout the
study site and there is no reason why the older deposits could not be also storm related.
The same interpretation can be applied for the Bermuda conglomerates, which are seen
by Hearty et al. (1999) as Stage 11 marine conglomerates. Although U-series dates on
flowstone layers that bracket the conglomerates constrain these deposits to the midPleistocene, it is not clear if they belong to OIS 11 or 13. The "raised shorelines" on
Eleuthera and Bermuda are attributed by Hearty et al. (1999) to the collapse of the
Greenland Ice Sheet (GIS) combined with a partial collapse of the West Antarctic Ice
Sheet (WAIS).
The coasts of the British Isles also provide raised shorelines that are thought to be
coeval with the OIS 11 highstand (Bowen, 1999). But again the uplift rates are calculated
based on an OIS 5e sea level of 2 m and the chronology is based on amino acid age
estimates from marine mollusks, a method that has not conclusively demonstrated its
reliability (see Mirecki et al., 1993).
The local evidence of ice absence in Antarctica was presented by Scherer et al.
(1998), who looked at the micropaleontology and geochemistry of sediments recovered
from beneath the WAIS. The presence of Quaternary marine diatoms and 10Be particles
indicate ice-free conditions in the southern part of the Ross sector of West Antarctica
after 0.75 Ma BP. The authors conclude that the most likely candidate would be OIS 11,
but Scherer (1999) came back with the argument that there could have been several
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collapses of the WAIS, especially during earlier interglacials (e.g. OIS 31 or 25), before
the mid-Pleistocene revolution which marked the onset of the Quaternary eccentricitydriven cyclicity.
The importance of this work, also stressed by Scherer et al. (1998) in their article,
is that WAIS collapse and open marine conditions can only be demonstrated by studying
archives in the proximity of the Antarctic ice sheet, and that it is difficult to link glacioeustatic sea level changes in the northern hemisphere for example to specific glacial
sources (i.e. WAIS). Distal records cannot be used to identify the source or cause of the
above changes and as Scherer (1999, p. 555) notes: “[...] nagging questions still remain
regarding the reliability of dating methods, synchronicity of events, and the influence of
tectonics and/or isostasy on individual records”.
The evidence from the Cariaco Basin (microfossil and isotopic data) points to a
sea level of 10-20 m higher than today during OIS 11 (Poore and Dowsett, 2001). The
proxies show a rapid decrease in 18O values and an increase in abundance of planktonic
foraminifera at the OIS 12 / OIS 11 transition, because of the combining effect of
warming Sea Surface Temperatures (SSTs), melting of 16O enriched continental ice
sheets, or increased river runoff to the Cariaco Basin. The 18O foraminifera values are
also more negative than Holocene values seen in the same species (Globigerinoides
ruber), leading the authors to conclude that OIS 11 was at least as warm as the present
interglacial period. This period is said to have lasted 25-30 ka. This paper presents
conclusive data that show a prolonged period of warmth during OIS 11 but the +20 m sea
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level is inferred relying on the data of Bowen (1999), Brigham-Grette (1999) or Hearty et
al. (1999), which the authors recognize as controversial.
Other marine evidence does not support higher sea levels during OIS 11. Data
from the South Atlantic (Hodell et al., 2000) and South Pacific (King and Howard, 2000)
indicate that Stage 11 was not substantially warmer than other interglacials at southern
latitudes, though the period of warmth might have lasted longer. Planktonic 18O results
suggest that SSTs in the South Atlantic sector of the Southern Ocean were not
significantly warmer than at present but that the length of OIS 11 was at least twice the
length of other interglacial periods (Hodell et al., 2000). The length of Stage 11 is tied to
the eccentricity modulation of the precession cycle (Fig. 10), which was damped due to
low eccentricity amplitude, causing less cold substages during the interglacial. Hodell et
al. (2000) also report high 13C values, consistent with a strong input of North Atlantic
Deep Water through upwelling to the Southern Ocean and with increased carbonate
accumulation at high southern latitudes during Stage 11. King and Howard (2000) also
base their argument on reconstructions of SSTs from planktonic foraminifera and
conclude that the summer temperatures were 0.5ºC cooler and winter temperatures were
1ºC warmer during OIS 11 than today.
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Figure 10. a) SPECMAP oxygen isotopic record with values shaded that lie more than
one standard deviation below the mean; b) Earth’s orbital parameters (from
Hodell et al., 2000).
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A suggested 20 m highstand would imply an 18O depletion relative to the
Holocene (which is not observed in deep sea records) and cooler temperatures to
compensate for the 18O-poor composition of water (King and Howard, 2000). The same
authors point to a possible paradox, that ice-sheet collapse could occur during relatively
cool climate intervals, but the mechanisms by which this could be attained are unclear.
McManus et al. (1999) document climate fluctuations in the North Atlantic over
the past 0.5 Ma based on continuous, high-resolution records from deep-sea sediments.
Two proxies for sea surface conditions are examined: 18O composition of planktonic and
benthic foraminifera, and Ice-Rafted Debris (IRD) relative abundance. They also look at
deep circulation changes revealed by 13C concentration in tests of benthic foraminifera.
An important find of McManus et al. (1999) is the close interconnection of a particular
value in the δ18O proxy for ice volume (3.5‰) with the onset and cessation of ice-rafting
events, which suggests that this value represents an important threshold in ice-sheet
growth. This threshold represents a small departure from modern ice configuration,
which implies that you do not need much warmer conditions than today in order to
trigger ice-rafting in the North Atlantic. McManus et al. (1999) conclude that climate is
more stable during interglacial and peak glacial conditions than during transitional
phases. Regarding the Stage 11 problem, the authors consider noteworthy the virtual
absence of IRD in the North Atlantic during this period (due to diminished size and/or
calving of the GIS) which advocates for climatic stability for 30-40 ka (also indicated by
small fluctuations in the 18O curve as opposed to larger excursions during glacial
episodes) but nothing suggests conditions much warmer than at present. It is not clear
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though if stable conditions occurred after a partial collapse of the GIS that may have
provoked an increase in sea level, but a 20 m rise is unlikely.
Terrestrial archives, such as stalagmites and loess/paleosol sequences can aid in
deciphering the character of OIS 11, although with no direct reference to sea level
position. A stalagmite from Norway shows an extended period of warmth during the midPleistocene assigned to OIS 11, in which the climate was similar to or warmer than today,
with several wet phases (Lauritzen and Lundberg, 2004). Unlike Norwegian speleothems,
the loess/paleosol sequences from China do not show OIS 11 as the most prominent
interglacial but point to OIS 13 as being a very long, warm and stable interglacial, when
pedogenesis reached its maximum (Vidic et al., 2003).
The overall picture of OIS 11 appears disparate. Maybe local effects overprinted
the global signal or maybe this was not a global event. If it was a global event, the
prolonged duration of very warm conditions may increase the probability of sampling this
interval in low-resolution studies or in cores with low sedimentation rates, creating an
erroneous image of a warmer period. The suggestions that sea level soared at above 20 m
and that total or partial collapse of the GIS and the WAIS occurred are constrained by 18O
data. Oxygen isotope values only permit for a maximum of 10 m rise in sea level, with a
20 m being the limit, if δ18O of seawater was not significantly affected (due to relatively
heavy isotopic compositions of the WAIS), as Hodell et al. (2000) note.
As of today, the flank margin evidence from the Bahamas does not indicate a sealevel highstand out of the ordinary. No phreatic dissolution voids have been reported at
elevations that might prove the data presented by Hearty et al. (1999), although cave
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ceilings in several locations surpass 10 m in elevation. One of the objectives of this thesis
is to determine if those ceilings are part of a widespread signal or are just local
hydrological and/or geological effects.
In terms of duration, even if sea level was not much above current level, Stage 11
could still be a possible candidate for large flank margin cave formation. A 20-40 ka lens
residence time could surely allow for large void development, but these caves would have
to occur in OIS 11 transgressive eolianites or older deposits. Because eolianites are
highly susceptible to physical and chemical erosion, such deposits and the caves that
might have formed within have only slight chances of subaerial preservation. If they still
exist, they are most likely entombed by younger deposits. If pre-OIS 11 depositional
features are preserved at the surface, and still contain flank margin caves, those caves are
likely to be found below sea-level, assuming a close to present highstand during OIS 11
and a subsidence rate of 1-2 m / 100 ka (Carew and Mylroie, 1995a). The large caves are
mostly found at the same elevations as the lesser flank margin caves so if they were
formed during a pre-OIS 5e interglacial, it means that sea level was at least at OIS 5e
position during that interglacial, assuming no isostatic subsidence.
Another unresolved issue is that of some Bahamian speleothems showing
dissolutional attack, such as stalagmite and flowstone truncation. Two mechanisms can
be invoked for the etching of speleothems: condensation corrosion and phreatic
dissolution. The former can accomplish dissolution through condensing aggressive water
droplets on the surface of secondary calcite deposits in a vadose environment. The
droplets would dissolve that surface and carry the solute away from the dissolution site,

33
before evaporating and reinitializing the process (see Dogwiler, 1998 and references
therein for a more complex discussion of condensation corrosion in the context of bell
hole formation). Although condensation corrosion may be responsible for the dissolution
of some of the observed speleothems, it cannot be accounted for the massive removal of
flowstone and wall rock altogether. Furthermore, the dissolution morphology is identical
to the ceiling and wall cusp morphology resulting from dissolution in a phreatic
environment. These speleothems are most likely evidence of reinvasion of the caves by
the fresh-water lens, as the truncation was accomplished indiscriminately across bedrock
and secondary deposits. The etched speleothems have been attributed to a sea-level
oscillation that might have occurred during the OIS 5e event (Carew and Mylroie, 1999),
but this study will also examine the possibility that the speleothems were formed in preOIS 5e caves, and that they were partially dissolved during OIS 5e or earlier. If the
etching did not occur during the last interglacial period (in both scenarios) or earlier, this
might have serious implications regarding a potential post-OIS 5e highstand, for which
some controversial evidence exists (Mylroie and Carew, 1988).
This study will investigate all the aforementioned possibilities but will try to
demonstrate that it is possible to have large void formation in a relatively short amount of
time, invoking a powerful dissolution mechanism, the precarious state of lithification of
the host carbonate rock, and a high probability of intersection of smaller voids.

CHAPTER IV
MATERIALS AND METHODS

Fieldwork in the Bahamas was conducted on five islands between December
2003 and June 2004: Crooked, Long, San Salvador, Eleuthera and Abaco. Long Island
was revisited by a team lead by Dr. Mylroie in December 2004. More than fifteen caves
were surveyed or resurveyed, out of which six are classified as large. In addition, two
other potentially large caves were identified on Abaco, but time did not permit a detailed
survey.
Several surface transects were conducted in order to map the topography of the
dunes overlying the caves and to determine the orientation of the caves compared to the
enclosing ridge axes. Both cave and surface surveys were performed using compass,
inclinometer and distance measurer (tape or laser instruments). Azimuths and inclinations
between survey stations were recorded to the nearest half degree and distance between
survey stations was recorded to the nearest 0.01 meter. Detailed sketches of the cave
passages were recorded to scale, when possible. All caves were georeferenced using a
hand held Global Positioning System (GPS) receiver. Coordinates are reported in the
Universal Transverse Mercator (UTM) projection, using spheroid Clarke 1866 as datum.
The field data were reduced using specialized software as WALLS Project Editor or
COMPASS Project Manager. The resulting line plots, along with scanned images of the
field sketches, were imported into a drawing program (XaraX), where they were used as a
34
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reference to produce scaled, correctly oriented maps. The symbols used to depict cave
features and details follow the recommendations of the Association of Mexican Cave
Studies (Sprouse and Russell, 1980).
Fifty-three wall rock samples were collected from several different locations in
the investigated caves. The samples, the majority being spatially oriented, were cut into
billets using a circular saw and sent to National Petrographic Inc., in Houston, Texas,
where they were impregnated with blue epoxy and polished into thin sections. The thin
sections were studied and described using a Nikon Eclipse E400 POL microscope and
photographed with a Nikon Coolpix 990 digital camera. Detailed thin section descriptions
are listed in a series of tables found in Appendix A and photomicrographs of the thin
sections are presented in Appendix B.
Porosity was determined using a digitization technique that allows the quantification of the cross-sectional pore area, following the recommendations of White et al.
(1998). The thin sections were scanned at a resolution of 600 dpi and the resulting image
files were opened in the image processing program Minolta DiMAGE Viewer. Digital
image correction was applied by modifying contrast values, in order to obtain a uniform
color for the pore space (Fig. 11). The corrected images were analyzed with ImageJ, a
public domain image processing program developed by the National Institutes of Health.
The images were imported as RGB Color and modified to 8-bit Color, which allowed for
indexing all the colors in the image. Once indexed, pixels can be measured by using the
histogram function. In order to determine the porosity, all the pixels of the colors specific
to the pore space were summed up and divided by the total number of pixels.
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Figure 11. Scanned image of thin section (top), corrected by contrast manipulation
(bottom). Turquoise color represents pore space.
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Three dimensional reconstruction and simulation of flank margin caves was
performed at TOTAL S.A. in Pau, France, using the software package GOCAD. All
images illustrating the modeling process are incorporated in Appendix C.
Salt Pond Cave, Long Island, was used as a prototype because of its characteristic
flank margin morphology and large size. The base map (including wall and column
outlines) and profiles were digitized and imported as separate objects, all in the same plan
(Fig. C1). The profiles were translated from their projected positions on the map to their
original vertical locations (Fig. C2) and were cut into ceiling (Fig. C3), floor (Fig. C4)
and wall parts (Fig. C5), by disconnecting the appropriate nodes. All ceiling, floor and
wall curves were respectively merged into separate objects, from which were created
separate point sets. The cave outline was used to generate two planar surfaces which were
subsequently fitted to the ceiling and floor point sets (Fig. C6). The borders of these two
surfaces were connected by a new surface representing the outer wall and then fitted to
the outer wall point set (Fig C7). The three new surfaces (corresponding to the ceiling,
the floor and the outer wall) were merged, resulting in a single surface object (C8).
Tubular surfaces created from the column outlines, were used to intersect the new cave
surface (Fig. C9). The top and bottom borders of the resulting holes were connected
accordingly by surfaces representing the columns (Fig. C10). These surfaces were then
fitted to the column wall point set and merged with the cave surface (Fig. C11). The
resulting surface was smoothed by interpolating between all the surface nodes. The last
step involved cutting the entrances and skylights out of the final surface (Fig C12). A
montage can be seen in Figure 12.
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Figure 12. Construction of a 3D model of Salt Pond Cave using surface features in
GOCAD. For a more detailed description see text and figures in Appendix C.
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Flank margin cave development in the margin of the fresh-water lens was
simulated in GOCAD using the G3 plug-in, which is an object modeling tool. Before
generating virtual caves, several steps needed to be taken, namely creating a surface
topography and a fresh-water lens below the surface. The reference used was Long
Island, specifically the portion comprising Salt Pond Cave (Fig. C13). The surface
topography was constructed by digitizing the contour lines off of the topographic map of
the island, translating the contour lines to their spatial position and creating a point set
from these curves. A planar surface bounded by the zero contour line was generated (Fig.
C14) and fitted to the point set and then smoothed by interpolating between the surface
nodes (Fig. C15). A detailed topography over Salt Pond Cave can be seen in Figures C16
and C17.
The fresh-water lens was constructed at 6 m above m.s.l., an elevation
representing the former sea-level position during OIS 5e. The lens was generated as for a
simple, heterogeneous carbonate island, keeping the 1:40 ratio between the height of the
lens above sea level and the depth below sea level (Fig C18). Three properties were
defined for the margin of the lens: the maximum dimensions for horizontal (Fig. C19)
and vertical (Fig. C20) growth of caves and the probability of development of caves in
different areas of the lens (Fig. C21).
The next step was to build a 3D stratigraphic grid (4 million cells, with a cell
volume of 1 m3) that incorporated the lens margin and part of the island surface (Fig.
C22). The properties defined on the lens were transferred to the grid (Fig. C23) and all
the subsequent operations were performed within this grid. The lens region defined in the
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grid by the intersection of the grid with the lens surface (yellow in Fig. C22) was
expanded two rings to allow vertical development beside horizontal growth of the caves.
This also had the effect of superimposing the dissolution areas from the top and bottom
of the lens at the margin, creating a larger area for virtual cave formation (Fig. C24). All
cave simulations were performed inside the lens region.
The G3 Object Modeling plug-in uses a stochastic simulation technique that
allows the creation of equal-probable models. The simulation of flank margin cave
growth was performed in several phases, by populating the lens region with dissolution
voids as constrained by the defined properties.
The first phase was a preliminary one and involved generating dissolution voids
of 1 m3 (one cell) with a probability of appearance of 0.001 out of the initial defined
proportion (Fig. C25). These initial cells were used in the second phase as seeds from
which the caves can “grow”, by assigning a probability of cave appearance of 99% in
those cells. A moving window of 4×4×1 cells was applied to all the cells from the lens
region to ensure the values around the maximum dissolution cells are averaged, so that an
expansion effect could be simulated. Each cell was assigned the average value of a 9×9×3
mini-grid which contained the cell in the center (Fig. C26). The 81 m2 moving window
footprint was the closest value to the 100 m2 threshold between small and medium-sized
caves. If a 5×5×1 window would have been picked, it would have averaged the values of
an 11×11×3 mini-grid for each centered cell, producing a 121 m2 footprint. The
procedure used in the second phase was applied to all subsequent phases (Figs. C27 C33). Each phase uses conditioning data provided by the previous phase (Fig. 13).
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Figure 13. Steps taken simulating the first generation chambers. For a detailed
explanation of each phase see text and figures in Appendix C.
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After five phases of first generation simulated chambers, the lens region was
moved 35 m inland in order to simulate the back-stepping of the mixing zone (Fig. C34).
The cave cells intersected by the new lens region were used as seeds for the first phase of
the second generation of simulated chambers (Fig. C35). A total of three phases of cave
growth were performed for the new lens position, using the same procedure as for the
first generation (Figs. C36 - C41).

CHAPTER V
RESULTS

Crooked Island
Crooked Island, the southernmost island investigated, shares the same carbonate
bank with Acklins Island and several smaller cays (Figs. 1 and 14). Almost 40 km long
and with an area of 197 km2, it occupies the northwestern part of the bank. Between
Crooked Island and Long Island in the northwest is Crooked Island Passage, a channel
100 km long, which serves as a major shipping lane between the Panama Isthmus and the
eastern ports of the United States.
1702 Cave is situated on the north-western tip of Crooked Island, 5 km east of
Pittstown Point (UTM 18Q; E 0571384, N 2525426). The cave consists of a succession
of interconnected globular chambers which trend NW-SE and follow the enclosing dune
as it turns south (Fig. 15a). The south-western part of the cave extends into an overlying
eolianite but only to a limited degree. The majority of the cave is enclosed under the
terminal part (or nose) of the older eolianite package. The younger dune is separated from
the older one by a paleosol horizon that can be traced at several locations in the cave
ceiling. The younger overlying dune also has a paleosol on its exposed surface, indicating
both dunes are Pleistocene in age. The overall morphology of the cave, with globular
chambers, dead-end passages, maze-like appearance, and phreatic-dissolutional features
corresponds to the flank margin development model. It has an areal footprint of 3957 m2,
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falling into the large flank margin cave category. Secondary deposits include
speleothems, especially in the chambers which do not have direct contact with the
exterior, mineral crusts associated especially with bell holes, and guano deposits in areas
of former or present bat colonies. Some of the speleothems show evidence of dissolution
and/or exfoliation. The cave has been extensively mined for bat guano in past centuries.

1702 Cave

N

Figure 14. Satellite image of Crooked Island and part of Acklins Island (modified from
Google Maps, 2005).
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Figure 15. a) Diagram showing the relation between 1702 Cave and the overlying ridges.
b) Map of 1702 Cave with profiles and sampling sites (stars).
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Samples of wall rock and secondary crusts were collected at different sites in the
cave (Fig. 15b). The eolianite samples consist of moderate to well sorted, subrounded to
rounded, sand-sized calcareous allochems. The allochems are represented mainly by
bioclasts (Fig. B1) and to a lesser degree by peloids. The bioclasts are dominated by high
Mg-calcite foraminifera and red algae, but green algae, bivalves, gastropods and
echinoderm fragments can also be identified. Some particles have been partly or
completely dissolved, especially the aragonitic ones. The samples are generally loosely
cemented, exhibiting, with a few exceptions, porosities of 5-19% of the total rock
volume. Porosity is fabric-selective, inter and intra granular, sometimes moldic. The
observed cement types are meteoric vadose meniscus cements and phreatic equant
cements.
Prismatic and acicular crystals (Fig. B2) occur locally in pores and seem to be
associated with microbiologically mediated processes. Micrite appears mostly as
envelopes and intragranular pore fillings. Based on all these characteristics these
calcarenites are classified as biosparites (Folk, 1962). For a more detailed description of
the samples see Table A1.
The paleosol material is reddish-brown in color, fine grained and normally devoid
of any internal structure. In some cases allochems and orthochems are still identifiable
(Fig B3). The porosity is non-fabric selective and compared to the porosity exhibited by
the eolianites is fairly low (<3%), usually mimicking root and other plant structures. In
thin section the layers appear as bacterial films separated by voids sometimes partly
occupied by vadose cements (Fig. B4).
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The eolianite package in the wall of the entrance chamber (Fig. 15b, sample sites
1 and 2) appears to consist of two stacked dunes representing two episodes of eolianite
emplacement, with no paleosol or micritic crust separating them. A noteworthy
observation is that the upper beds contain bioclasts coated by a rim of isopachous
meteoric phreatic cement (Fig. B5) that show evidence of dissolution or neomorphism
(Fig. B6). This cement is superimposed on an earlier generation of vadose meniscus
cement at grain contacts. Phreatic cement is absent in the lower beds. In the same fashion,
the bedrock pillar sampled for paleosol material (Fig. 15b, sample site 3), also contains
two distinct eolianites. The lower eolianite contains vadose cements, while the pores in
upper one are almost entirely filled with a very fine phreatic cement. The paleosol pocket
and the bedrock are cut indiscriminately by a dissolution surface (Fig. 16), indicating a
very aggressive dissolution mechanism that produced the cave. Another sampled bedrock
pillar (Fig. 15b, sample site 4) shows the exact type of phreatic cement in the same
stratigraphic position (Figs. B7 and B8). Considering that these bedrock columns must
have been in the fresh-water lens mixing zone, the cement could have its origin in the
locally-dissolved material. The bedrock pillar is coated by a micrite crust (0.5 - 1 cm
thick), which also contains gypsum crystals (Fig. B9).
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Figure 16. Illustration of how a powerful dissolution environment can cut across bedrock
and paleosol pockets, regardless of chemical and mineralogical composition.
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Long Island
Long Island is situated at the easternmost edge of the Great Bahama Bank. It has
an elongate morphology, characteristic of islands on the windward side of the Bahama
Banks, extending for more than 100 km on a northwest-southeast trend (Figs. 1 and 17).
The general Bahamian geologic model can be successfully applied to Long Island as all
Quaternary stratigraphic units have been recognized (Curran et al., 2004). Island karst
features have been recognized by Mylroie et al. (1991), who described several flank
margin caves, two of which (Salt Pond Cave and Hamilton’s Cave) are classified as large.
Long Island was visited in June 2004 and further fieldwork was conducted by Dr. John
Mylroie in December 2004, resulting in the remapping these two caves and the mapping
of more than ten new features. One of these, Hillside Grocery Cave, is also classified as a
large cave, with an area of over 2500 m2.
Salt Pond Cave (UTM 18; E 487237, N 2581387) is situated just north of Salt
Pond Settlement (Figs. 17, C13, C16 and C17) and can be accessed through the main
entrance on the west side or through a series of pits from above, but only in the
southwestern portion of the cave. The cave has two large chambers separated by a thin
wall partition. Communication between the two main chambers is realized by means of a
short tunnel, 3 m in diameter (Fig. 18). Another major feature of Salt Pond Cave is the
keyhole-shaped tunnel, over10 m wide and 9 m high, that extends from the second
chamber to the northeast for about 50 m, then ends abruptly in a bedrock wall. The
morphology of this cave is typical for a flank margin cave – with globular, vertically
restricted, laterally extend chambers, bedrock pillars, dissolution pockets and wall
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sculpture – but at a large scale (its areal footprint is 3966 m2). Secondary deposits include
speleothems, some of which show evidence of dissolution and/or exfoliation, and bat
guano, which has been mined in the past.

N

Figure 17. Map of Long Island with approximate cave locations (modified from
Bahamas, Cayman Islands, Cuba, Haiti, Jamaica, Nassau Island Operational
Navigation Chart, 1974).
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Three samples were collected from the end wall and floor of the large phreatic
tube (see Table A2 for thin section descriptions). They are biosparites composed of
bioclastic allochems cemented by vadose meniscus cement (Fig. B10). The main
bioclasts are red algae and benthic foraminifera. Echinoderm plates and poorly preserved
mollusk fragments are also present. Micritic envelopes are evidence of leached
allochems, most likely aragonitic green algae or gastropod fragments. Some have been
totally infilled with a coarse sparry calcite cement. The samples are highly porous, with
porosity values between 23 and 35%. Primary intergranular pores can still be identified,
while most of the intragranular pores have been infilled with calcite spar. Secondary vugs
and molds constitute the bulk of the porosity.
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Figure 18. Map of Salt Pond Cave with sampling sites (red stars).
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Hamilton’s Cave is one of the largest flank margin cave reported from the
Bahamas, with an areal footprint of 9432 m2 and more than 1000 m of survey. It is
located in the central-south part of the island, between Deadman’s Cay and Clarence
Town (UTM 18, E 496275, N 2555487). It has two large entranceways and numerous
skylights, resulting from the intersection of the cave and erosional slope retreat. The main
entrance, a collapse sinkhole, leads to two different parts of the cave, Hamilton’s Cave
(sensu stricto) to the east and Hamilton’s Annex to the west (Fig. 19). The main passage
is large, up to 30 m wide and 7 m high, and exhibits phreatic dissolution features
characteristic of flank margin development, such as side passages that end abruptly or
loop back, bedrock pillars, alcoves, wall sculpture and notches. Secondary calcite
deposits are massive and abundant, with some speleothems showing dissolution features.
The total length of the passage is an illustration of how small and medium-sized
chambers can intersect each other to form larger chambers. A remarkable example of
connectivity is offered by the small passage that makes the link between the main trunk
of the cave and the northeastern maze. While the cave significantly extends laterally, it
does not penetrate towards the dune axis very far. The overall morphology of the cave
closely follows the surface topography, indicating the position of the lens margin in
which it formed.
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Figure 19. Map of Hamilton’s Cave and Annex, Long Island.
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Hillside Grocery Cave, situated approximately 1 km NNW of Salt Pond Cave
(UTM 18, E 486910.5, N 2582517.2), is another example of a large flank margin cave,
with over 300 m of survey and an areal footprint of 2652 m2. It has an elongate form,
trending north-south for almost 150 m under the enclosing dune flank, with a maximum
width of 30 m (Fig. 20). Ceilings are usually between 2 and 4 m high, with the a
maximum of 5 m in the eastern side. The ceilings on the western side are lower, with a
chamber height usually under 1.5 m. The floor of the main tunnel is also the roof of a
second set of smaller chambers that extend beneath the main passage. The cave’s lowest
level intercepts the water table, while its highest ceilings are at 8 m elevation above m.s.l.
Secondary deposits include speleothems, the majority desiccated, with a number of them
showing evidence of dissolution.
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Figure 20. Map of Hillside Grocery Cave, Long Island.
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Eleuthera Island
Eleuthera is the longest island in the Bahamas (almost 180 km) and is situated in
the northeastern part of the Great Bahama Bank (Figs. 1 and 21). It has an area of 518
km2 and a maximum elevation of 51 m.
Hatchet Bay Cave is the largest known flank margin cave from the Bahamas, with
an areal footprint of 9722 m2. It is situated under the ridge to the northwest of Sweetings
Pond (UTM 18R; E 0347047, N 2806412) and its only natural entrance is situated at an
elevation of 13 m above sea level (Fig. 22). Another entrance was dug out at the
southwest end for guano mining purposes in the past. The cave was first surveyed in 1984
and was revisited and the survey extended in 2003 (Roth, 2004). Survey continued in the
summer of 2004, when the cave map was expanded to its current configuration, with
passages still remaining unsurveyed. The most striking feature of Hatchet Bay Cave is its
linearity, marking the former position of the fresh-water lens margin, constrained by the
overlying topography (Fig. 22). The cave is characterized by two morphologically
different chamber types (Fig. 23). To the west of the main entrance, the Eleuthera
Expressway connects a series of rooms with unusually high ceilings, some of which can
be found at over 12 m. The newly mapped eastern portion of the cave is a maze of wide
and low phreatic chambers, trending to the northeast. Walking passage in the eastern area
can be found only at the northeastern end, where the cave passages turn to the north. The
cave is well decorated with speleothems, which are massively developed in sections of
the cave like the Roundout (Fig. 23).
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Figure 21. Map of Eleuthera with approximate cave locations (modified from Bahamas,
Cayman Islands, Cuba, Haiti, Jamaica, Nassau Island Operational Navigation
Chart, 1974).
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Figure 22. Map of Hatchet Bay Cave and its relation to surface topography.
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Figure 23. Map of Hatchet Bay Cave with sampling sites (stars). Red line indicates a
paleosol horizon.
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The cave wall rock was sampled for petrographic analyses (see Table A3 for
detailed thin section descriptions). Samples were taken mostly from the 1984 part of the
cave west of the main entrance (Fig. 23). The eolianites are composed of generally well
sorted, subrounded to rounded, sand-sized grains. They are mostly bioclastic, with some
peloids being present. The dominant allochems are coralline red algae and foraminifera
(e.g. Peneroplis sp., Fig. B11). Aragonite allochems, such as green algae (Halimeda) and
mollusk fragments, can still be identified in samples displaying less dissolution.
Echinoderm test fragments (Fig. B12) can be an important constituent of some of the
samples, while other organisms such as bryozoans, serpulid worms or corals are less
significant. A significant feature is the amount of allochem leaching and overall sample
dissolution that leads to increased secondary porosity. Frequently, all that remains of
some bioclasts are a micritic envelope or the micritic filling of primary intraparticle pores
(Fig. B13).
The orthochems are of meteoric origin and range from vadose meniscus (Fig.
B14), circumgranular and microstalactitic (Fig. B15) finely crystallized calcite to phreatic
equant or bladed cements (Fig. B16). Syntaxial overgrowth cements (Fig. B17) are
usually associated with echinoderm plates. An interesting and prominent feature is the
presence of needle fiber (or whisker) calcite in the vadose environment. These acicular
crystals are found in connection with bacterial stringers or other microbiologically
mediated products (Fig. B18). Dissolution and/or neomorphism of cements are a common
occurrence. Gnarly crystals are evidence of dissolutional attack by aggressive waters or
of strange growth conditions (Fig. B19). The samples are poorly cemented in general and
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highly porous (14-35%). Two types of porosity can be identified: primary porosity,
represented by intergranular and intragranular pores, and secondary porosity, represented
by moldic and vuggy structures, as a result of dissolution (Fig. B20). Some of the
samples exhibit a reorganization of porosity, having areas of increased cementation
alternating with areas of marked secondary porosity (Fig. B21). The samples are
classified as biosparites (Folk, 1962).
Sample EL 04 12 from the entrance chamber (Fig. 23) contains phreatic bladed
crystals interpreted as precipitated in a meteoric phreatic environment. The fact that the
crystals are elongate instead of equant could indicate that more dissolved ions were
present in solution (indicating a brackish environment), inhibiting lateral growth of
crystals. Gypsum is also present in secondary pores (Fig. B22). The samples collected
from the rooms along the Eleuthera Expressway contain well developed bladed calcite
crystals (Fig. B23), precipitated in a fresh-water/brackish phreatic environment,
especially the ones collected from above the line that marks the former position of the
guano deposits. Vadose cements can be observed in all the samples, but they seem to be
more obvious in the samples collected from below the guano line. The most significant
observation is that the two samples (EL 04 77 and EL 04 78) collected from the small
chamber formed in the older eolianite below and north of the paleosol shown in Fig. 23,
are characterized by smaller grain size and the absence of phreatic cements. This could be
evidence of the paleosol acting as an aquiclude or aquitard. Samples EL 04 79 and EL 04
80 collected from the IHOP Section of the Cave show development of both vadose and

63
phreatic cements, with the phreatic crystals centered in areas of less porosity and more
cementation, perhaps an early stage of porosity and permeability reorganization.
The problematic issue with Hatchet Bay Cave is not so much its size, but the
different morphologies exhibited by the two cave segments and in particular, the height
of some of the phreatic dissolutional ceilings in the western part of the cave. A close
inspection of the Eleuthera Expressway revealed the presence of a micritic paleosol (red
line on Fig. 23) parallel to the northern wall, which marks the boundary between two
generations of eolianites. The paleosol strikes north-northeast and dips south-southeast
and the cave is almost entirely contained in the younger, overlying dune, with the
exception of a small passage, which penetrates the older eolianite. The linearity of the
interconnected chambers along the Eleuthera Expressway is most likely due to flow
within the fresh-water lens parallel to the this relatively impermeable paleosol horizon,
which must have acted like an aquiclude or aquitard. The ramping of the fresh-water lens
against this boundary can explain the height of some of the phreatic ceilings in this part
of the cave. To the east of the entrance chamber, passage morphology resembles classic
flank margin development in the margin of the lens. A survey of the surface topography
(Fig. 22) shows that the two eolianites diverge from the entrance chamber. The older
ridge continues to the northeast (strike values between 30º and 40º), while the strike of
the exterior, younger dune was found to have values between 60º and 80º. The influence
of the paleosol appears to diminish in the eastern segment of the cave, where the rooms
become wide and low, more typical of the development of flank margin caves. This
pattern is the result of the younger dune trending away from the paleosol and the distal
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margin of the fresh-water lens following that younger dune margin and pulling away
from the older dune with its lens-distorting paleosol.
Ten Bay Cave, situated south of Governor’s Harbor (UTM 18; E 0384234, N
2779251), is another example of a large flank margin cave, having an areal coverage of
4916 m2. The cave has a number of natural openings due to intersection of the cave by
surface denudation, and one dug shaft entrance, used for guano mining purposes. The
cave is virtually devoid of speleothems, the only secondary deposits that can be observed,
besides guano, are mineral crusts covering parts of the cave wall, especially in areas
associated with bat colonies.
Rock samples were collected from different parts of the cave (Fig. 24), covering
ceilings and floors, above and below the line that marks the former position of the mined
guano deposits. A petrographical analysis (Table A4) shows these rocks to be relatively
similar to the ones observed from Hatchet Bay Cave. The major constituents are
bioclastic allochems represented by high-Mg calcite red algae and benthic foraminifera.
The aragonitic bioclasts are poorly represented by some mollusk fragments and green
algae. Dissolution of both aragonite and Mg-calcite constituents left behind micritic
envelopes and intragranular pore fillings. The dissolved material was precipitated as
cements, mostly vadose, but the majority of the samples show at least one other
generation of cement growth, usually exhibiting fresh-water or brackish phreatic
morphologies. Whisker calcite (or needle fiber calcite) is mostly present in samples that
have been altered or influenced by subsurface biological activity.
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Figure 24. Map of Ten Bay Cave with sampling sites (red dots).
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Porosity is of two types: primary (intraparticle and interparticle) and secondary
(moldic and vuggy), with values ranging between 12 and 31% for calcarentic samples
and under 3% for micritic crusts. The samples are generally moderate to well sorted and
the grains are subrounded to rounded. They are classified as biosparites. (Folk, 1962).
Sample EL 04 54 is the highest sample from the cave, collected close to the
ceiling of the Lunch Room (Fig. 24). It is a biosparite with vadose meniscus and
circumgranular spar, but needle fiber calcite is also present. Samples collected lower in
the cave proved to contain evidence of phreatic bladed calcite crystals. Sample EL 04 57
contains anhedral blades of calcite (Fig. B24) that show evidence of dissolution (Fig.
B25), while other samples, such as EL 04 61, contain euhedral dog tooth spar (Figs. B26,
B27 and B33). Needle fiber calcite, formed in the vadose environment, can be found to
coexist with other vadose and phreatic cements, and probably represents a stage in the
diagenesis of these rocks associated with microbiological activity. It appears in bacterial
stringers between allochems (Fig. B28) or within root casts (Fig. B29). Sample EL 04 64,
collected under the nose or terminus of the dune, is one of the rare instances were green
algae (Halimeda sp.) are fairly well preserved (Fig. B30). Their initial mineralogical
composition makes them prone to dissolution in an environment undersaturated with
respect to aragonite. Sample EL 04 56 is a crust collected from the cave wall. It appears
to be a heavily-altered calcarenite with gypsum crystals and patches of filamentous
material that contain bioclast remnants and what appear to be gas bubbles infilled with
radial calcite (Fig. B31). Gypsum is also present in root casts (Fig. B32).
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What makes the cave particularly interesting is its maze-like shape and overall
geometry. This raises some questions about its genesis within the enclosing landmass.
Surface survey work shows that the cave footprint fits under the terminal part of the
overlying eolianite ridge (Fig. 25). Until now it was uncertain how the fresh-water lens
behaved once it pinched out under the edge of the landmass. Ten Bay Cave demonstrates
that the dissolution area in the lens margin wraps around the nose or the terminus of the
dune. As the dune gets narrower toward its end point connections occur between
chambers on the opposite flanks of the ridge, as the mixing front migrates inward from all
sides. Fortunately, the dune containing Ten Bay Cave is large enough so that this
phenomenon can be observed. As the cave trends away from the dune terminus, the dune
widens and the cave passages disengage from each other and become separate passages
under each flank of the dune ridge. In smaller ridges, the mixing front seems to be
constrained under the axis of the eolianite, and the caves develop along this axis, as can
be seen in the case of the Maroon Hill caves and Salt Pond Hill caves on Great Inagua
Island (Roth, 2004). Besides its size, an intriguing aspect is the height of some of the
phreatic ceilings, in parts well over 8 m. No paleosol horizon or epikarst soil pockets
were observed in Ten Bay Cave.
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Figure 25. Map of the dune enclosing Ten Bay Cave.
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Abaco Island
Abaco Island, the most northern island investigated, situated at the southeastern
margin of the Little Bahama Bank, has an area of 1146 km2 and a length of over 150 km
(Fig. 1). In our short survey of the island, the major stratigraphic units described from
San Salvador by Carew and Mylroie (1995b) were recognized. Karst features
characteristic of the CIKM were also identified, including two potentially large flank
margin caves (Hole in the Wall Lighthouse Cave and 8 Mile Cave), and several other
smaller ones. Because of time constraints, only one cave was surveyed, Long Beach
Cave, situated just south of Crossing Rock (UTM 18R; E 0281202, N 2893542; Fig 26).
With a footprint area of 428 m2 (Fig. 27), it is not a large cave but it does present
evidence of reinvasion of the cave by a fresh-water lens. It can also provide the necessary
background for future studies of the geology and karst of Abaco.
In terms of climatic regime, Abaco is the most humid island in the Bahamas,
receiving more than 1500 mm of rainfall per year in the central and northern parts
(Whitaker and Smart, 1997). This has direct implications on vegetation and soil cover,
surface denudation and groundwater recharge today, but field observations show that
chemical alteration of carbonate ridges on Abaco was also important in the past. During
our field investigations we observed a series of cone-shaped eolianite ridges, which seem
to be a unique feature for the Bahamas. Their steep flanks cut across bedding planes and
other internal structures. An ongoing study (Walker et al., 2005) will attempt to establish
their origin but it is highly probable that they are a form of cone karst, which can usually
be seen at larger scales, mostly in continental settings with humid climates. This meteoric
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diagenetic signature was also seen in the rock samples collected, which show evidence of
intense biological and chemical activity.

N

Figure 26. Map of south-central Abaco, with the location of Long Beach Cave (modified
from Google Maps, 2005).
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Figure 27. Map of Long Beach Cave with sampling sites (red stars).
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Long Beach Cave (Fig. 27) is a medium-sized flank margin cave formed by the
interconnection of smaller globular chambers. The cave has two natural entrances, both
openings being in the ceiling of the cave. The main entrance, a sinkhole formed by the
collapse of the cave roof, leads to two cave passages, one trending north, with larger
rooms, more collapse material and with openings to the surface, and one trending eastnortheast that branches into several smaller passages – the two main ones strike southsoutheast – with smaller dimensions, less collapse and no openings to the surface. This
part of the cave also nests a nursery bat colony. Its general shape and the lack of a surface
survey make difficult the reconstruction of the former lens position, but perhaps the
parallelism of the chambers indicates the inland (eastward) migration of the mixing front
as the system evolved.
The samples collected from the cave walls are similar in composition to their
counterparts from more southern islands but they also show notable differences (see
Table A5). The dominant allochems are bioclasts, represented by high-Mg calcite red
algae, benthic foraminifera, fragments of echinoderms, bivalves and gastropods (Fig.
B34). The abundance of empty or cement-infilled micritic envelopes could be evidence
of mineralogically unstable grains (e.g. aragonitic green algae) being leached from the
rock. The grains are sand-sized, moderate to well sorted, with subrounded to rounded
shapes. The samples contain both vadose and phreatic cements, but the overall overprint
is vadose, with strong evidence of biological activity. Concordantly, two generations of
vadose cements can be observed, the first represent by equant meniscus and circumgranular spar, and the second by abundant stringers of needle fiber calcite (Fig. B35, B36
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and B37). In some instances, seemingly bladed or acicular crystals prove to be composed
of small equant calcite at a closer look (Fig. B38). This could be evidence of retrograde
neomorphism, or of droplets of water adhering to fine root hairs or microbial filaments
that mediate calcite precipitation. Large blocky equant spar is present in some samples
(fig. B39). Another indication of intense biological activity in the vadose zone, besides
the abundance of microbial stringers, is the presence of sheaths of fine root hairs (Fig.
B40), surrounded by calcite crystals (Fig. B41), but they can also be evidence of bacterial
activity (Brenda Kirkland, pers. comm.). The porosity is mostly of secondary origin,
moldic and vuggy, but primary inter and intragranular porosity can still be recognized. A
particular type of secondary porosity is given by the perforation of allochems by fine root
hairs and/or microorganisms (Fig. B42). The average porosity is around 15%, a little
lower than the average porosity observed in samples from the other islands.
The cave is moderately decorated with speleothems and some show evidence of
etching. The indiscriminate dissolution of both flowstone and wall rock (Fig. 28) from
the northwestern part of the cave supports the assumption that dissolution occurred due to
the reinvasion of the cave by a fresh-water lens.

74

Figure 28. Cusp formed as the result of phreatic dissolution of bedrock and flowstone
alike.
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A 3D Computer-Generated Simulation of Large Flank Margin Cave
Speleogenesis
Each phase of the computer simulation was run in a G3 workflow. At the end of
processing period – which varies from minutes to days, depending on the number of
constraints defined – the workflow generates a binary property that characterizes each
cell of the grid. If the property has a value of “1” in a specific cell, that cell is considered
active, or for the purpose of our study represents a dissolution void. If the value of the
property in a cell is “0”, the cell is inactive, or there was no dissolution event. To
visualize the outcome of each phase, a region was created in the grid from the property
generated by each workflow. The purpose of the first phase was to populate the lens with
dissolution voids which could be used as nuclei for cave development in the subsequent
phases. The region created from these seeds contains voids no larger than one cell (Fig.
C42). The following phases resulted in the expansion of this region to full-sized mixing
dissolution caves (Figs. C43 - C46). A montage can be seen in Figure 29.
A second generation of chambers was simulated for the landward lens position.
The new lens region was intersected with the region created from the last phase of the
first generation and a new property was created (Fig. C47). This property was used as
conditioning data in the first phase workflow of the second generation. The resulting
region (Fig. C48) was expanded in the second phase (Fig. C49) and third phase (Fig.
C50) of this second generation. The final region obtained was used to generate virtual
flank margin cave surfaces (Fig. C51).
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Figure 29. Montage of the phases that yielded the two generations of virtual flank margin
cave chambers. For explanations see text and figures in Appendix C.

CHAPTER VI
DISCUSSION

The development of flank margin caves is controlled by many factors, but the
single most important constraint is lens residence time. Studies conducted on Isla de
Mona, Puerto Rico, showed that flank margin caves can attain appreciable size if sea
level, and the fresh-water lens, reside at a constant position for a long time. Lirio Cave
was mapped at more then 20 km of survey and has an areal footprint of almost 200,000
m2 (Frank et al., 1998). Large cave formation on Isla de Mona occurred in Pliocene
times, before the onset of the high amplitude, short wavelength glacially-induced sealevel oscillations of the Quaternary Period. However, flank margin cave development in
the Bahamas is intrinsically tied to the climatic oscillations of the Pleistocene. All dry
horizontal caves in the Bahamas are believed to have formed during the last interglacial
highstand because of their situation at elevations corresponding to the OIS 5e sea level
position (Carew and Mylroie, 1995a).
The caves investigated in the present study are among the largest caves reported
from the Bahamas. Three additional large caves were not included in this investigation
because they have either been extensively covered elsewhere (Lighthouse Cave, San
Salvador Island) or have not been investigated in the field (Crown Cave and Stepwell
Cave, Cat Island). Their geometric parameters (compiled by Roth, 2004) are used as a
means of comparison with the present data.
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Dissolution rates for a 12 ka lens residence time were calculated (Table 1) and
compared to Ford and Williams’ (1989) estimates for epigenic caves in telogenetic
carbonates from continental settings. Areal coverage, defined as the ratio between cave
area and the area of the smallest rectangle that contains the cave, and megaporosity,
defined as the ratio between the volume of the cave and the volume of the smallest
rectangular block that can contain the cave, were also computed for large flank margin
caves and compared to Worthington’s (1999) calculations for epigenic conduits. Cave
volumes were estimated by multiplying the area of the cave footprint by one third of the
height of the enclosing rectangular block. This (rather than multiplying the area by half
the parallelepiped height) was done in order to obtain more conservative values for the
calculated parameters, and because this way a value of approximately 15,800 m3 was
obtained for the volume of Salt Pond Cave, which compares to the 14,800 m3 value
calculated from the simulated model of the cave, using GOCAD functions.
The average yearly rate of carbonate removal obtained was 77.56 m3/km2, value
that is still 4 times higher than the 15.92 m3/km2 average calculated from Ford and
Williams (1989), even if we assume an average primary porosity of 20% for eogenetic
carbonates. Averages of 32.63% for areal coverage and 10.88% for megaporosity show
that large flank margin caves occupy encompassing rectangular boxes more efficiently
than caves formed in telogenetic rocks, but less efficient than lesser flank margin caves
(Roth, 2004). The values obtained are respectively between one and two orders of
magnitude higher than the numbers reported by Worthington (1999): 2.46% for areal
coverage and 0.16% for megaporosity.
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Table 1. Large caves of the Bahamas: a) parameters of the caves and of the enclosing
geometric rectangular bodies; b) dissolution rates necessary for cave formation
in a time window of 12 ka, megaporosity and areal coverage
a)
Cave
Hamilton's
Hatchet Bay
Ten Bay
Salt Pond
1702
Hillside Grocery
Crown
Stepwell
Lighthouse

Cave
area
2
(m )
9432.15
9721.84
4916.11
3965.69
3957.40
2652.40
3778.50
2362.50
1377.60

Cave
volume
3
(m )
25152.40
38887.36
14748.33
15862.20
10553.01
7072.99
10076.03
4725.00
3673.60

Rectangle
area
2
(m )
34249.07
59040.00
18854.85
10352.00
10631.72
5115.81
13886.20
5774.40
4900.00

Parallelepiped
height
(m)
8
12
9
12
8
8
8
6
8

Parallelepiped
volume
3
(m )
273992.56
708480.00
169693.65
124224.00
85053.76
40926.48
111089.60
34646.40
39200.00

b)
Cave
Hamilton's
Hatchet Bay
Ten Bay
Salt Pond
1702
Hillside Grocery
Crown
Stepwell
Lighthouse

Dissolution
rate
3
2
(m /km /yr)
61.20
54.89
65.18
127.69
82.72
115.21
60.47
68.19
62.48

Cave
megaporosity
(%)
9.18
5.49
8.69
12.77
12.41
17.28
9.07
13.64
9.37

Areal
coverage
(%)
27.54
16.47
26.07
38.31
37.22
51.85
27.21
40.91
28.11
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Roth (2004) provides a detailed geometric and statistic analysis of Bahamian
flank margin caves and demonstrate that the caves self-select into three areal categories:
small (<100 m2), medium (100-1000 m2) and large (>1000m2). On a rank versus area
plot, the data points can be fitted to three lines with distinct slopes (Figs. 30 - 33). This
demonstrates that there is a jump in size once the dissolution voids reach a dimension
threshold that creates a high probability of intercepting neighboring voids. The new data
from this study (Table 1) can be integrated with no major modifications of the preexisting data set (Fig. 33).

Figure 30. Plot of cave area versus cave rank for all Bahamian caves (from Roth, 2004).
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Figure 31. Plot of cave area versus cave rank for small Bahamian caves (from Roth,
2004).

Figure 32. Plot of cave area versus cave rank for medium Bahamian caves (from Roth,
2004).
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Figure 33. Area versus rank plot of large flank margin caves of the Bahamas.
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There seem to be two effects to this phenomenon. If the caves develop under the
flank of the eolianite ridge they tend to be linear, while if they develop under the nose or
terminal part of the enclosing ridge, they have a more maze-like appearance. In both
cases, cave development closely follows the surface topography, indicating the former
position of the fresh-water lens margin in which they were formed. This tells us that after
reaching a critical size in rapport with the enclosing land mass, the latter acts as the
dominating constraining factor in overall cave morphology.
The field evidence and the computer simulation support the formation by
aggregation scenario. The computer-generated caves are comparable in size and
morphology with caves observed in the field. Striking similarities can be seen between
the virtual caves (e.g. Figs. C52 and C53) and the outlines of flank margin caves mapped
in the field (Fig 34). This tells us that even if the simulation was performed in a grid with
the smallest unit volume of roughly 1 m3, the algorithm used is a promising one which
offers a starting point for future, more detailed modeling.
The most important outcome of the computer model is that it confirms the sudden
jump from one class to another seen in the area versus rank plots of Roth (2004). Each of
our phases produces not only the expansion of individual caves but also linking of
neighboring voids. The second phase of the simulation results in the formation of small
caves, the third phase illustrates the development of medium caves, the fourth phase
produces some caves with areas comparable to the lower end large flank margin caves,
and the fifth phase shows the evolution to truly large flank margin caves. The backstepping of the fresh-water lens allowed for a second row of chambers to be generated,
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and in places connect with the first row chambers. The simulations demonstrate that often
only a small connection (one cell of the grid) is necessary to grant the link-up between
adjacent voids (Figs. C53 and C54) and provide the jump in size from small to mediumsized caves and from medium to large caves. The model also shows that connections do
not always occur and that it is highly probable that significant voids could exist but not be
open to the surface (Fig. C54).
The model presented here is both stochastic and deterministic in that it generates
dissolution voids with equal probability of appearance but under tight constraints of
location and also horizontal and vertical expansion.
In the eogenetic environment, flank margin cave formation is a diagenetic
process. Being large, macroscopic voids, these caves clearly indicate that a large amount
of carbonate material has been dissolved and transported away from the locus of the cave.
Such massive movement of carbonate at the large scale implies that similar migration of
carbonate may occur at the small scale. This observation has implications for
understanding local diagenetic effects in carbonates, especially widespread vugular
porosity.
Two factors are accountable for the removal of large amounts carbonate material.
First, flank margin caves are formed in a hypogenic mixed-water environment. The
constant mixing of different chemistry waters provides a seemingly unlimited source of
“fuel” that keeps the dissolution mechanism running. Because the mixing zones are also
density interfaces, organic matter trapped at these horizons can lead to the formation
additional acids (e.g. H2SO4) that can further enhance the process (Bottrell et al., 1993).
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Hamilton’s Cave, Long Island

Salt Pond Cave, Long Island

Hamilton’s Cave, Long Island

Salt Pond Cave, Long Island

Figure 34. Comparison between real (2D outlines) and virtual (3D bodies) flank margin
caves.
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Second, the Bahamian host rocks are highly porous, weakly cemented eogenetic
calcarenites, which are more susceptible to denudation than compact telogenetic
carbonates. Their weak cohesiveness makes them prone to mechanical erosion as well as
chemical corrosion. However, flank margin caves are not conduits but mixing chambers,
so there is no mechanism to mechanically transport disarticulated grains out of the
system. Even though it is possible for particles to be removed from cave ceilings by
erosion, all material must leave by dissolution only, because it is a closed environment
with regard to sediment transport.
The source for the dissolved material lies primarily in the allochems of metastable mineralogical composition, such as aragonite and Mg-calcite. In an environment
unsaturated with respect to CaCO3, the microstructure of the allochems controls the
dissolution rates rather than mineralogical stability. Thus, the aragonitic particles (and not
the Mg-calcite ones) tend to dissolve first, due to their more complex microstrucutral
detail. Between calcite and aragonite saturation, the mineralogy of the grain becomes
increasingly important as the aragonite saturation threshold is approached. Microstructure
still exerts some influence at the low end of calcite saturation. Mg-calcite particles
dissolve at rates equal or greater then aragonitic ones in this geochemical region (Walter,
1985). Also, these processes are accompanied by the precipitation of calcite cements,
although at a much slower rate. The large kinetic difference between aragonite
dissolution and calcite precipitation implies that CaCO3 dissolved from an aragonitic
particle is generally transported away from the site of dissolution. Mg-calcite on the other
hand is dissolved and reprecipitated as calcite only on available nucleation sites within
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the grain (Moore, 2001 and references therein). The question that arises is to what degree
are dissolution and cementation coeval, and how far is the dissolved material transported
before being reprecipitated.
Previous studies on Bahamian eolianite petrography on several islands have
described the composition of cave wall and ridge carbonate samples and have attempted
to decipher their diagenetic history in relation to Late Quaternary sea-level history and
climatic oscillations. Vogel et al. (1990) found the caves of San Salvador to be hosted
mainly by well sorted, sand-sized bioclastic eolianites that contain a variety of cements
showing the influence of diagenesis in the marine, halocline mixing, meteoric phreatic
and vadose environments. The cement types and abundances vary from cave to cave and
also within the same cave, showing no obvious relationship with sample position or cave
location, except that first generation cements appear obscured by later generations.
Schwabe et al. (1993) followed with a more detailed study of cave and surface rock
samples from five different islands and observed that ooids are absent from cave wall
rock, but appear at the surface in the composition of some eolianite ridges, suggesting
several on-lapped dune generations. Samples from caves are moderately well cemented
with micrite and spar; friable wall rocks appear to contain only thin coatings of
circumgranular sparry calcite crusts. The cements from exterior samples vary from
marine to vadose, depending on location and allochem composition: oolitic rocks appear
to be cemented exclusively by equant spar, while peloidal-bioclastic samples tend to be
cemented by micrite or vadose circumgranular spar. The authors concluded that ooids
must have been deposited during the last interglacial sea-level highstand, while peliodal-
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bioclastic dunes are older in age. Based on the variability of ridge samples and the
stratigraphic relationships between different eolianites, Schwabe et al. (1993) caution
against the use of morphostratigraphy and random surface sampling in unraveling the
Quaternary history of Bahamian eolianites. Despite this warning, Kindler and Hearty
(1996) attempted to assign eolianite units from different islands to the same sea-level
highstands based on morphostratigraphy and petrographic composition. They linked
higher than today sea-level highstands, when the bank tops were flooded and water was
actively circulating, with the deposition of oolitic-peloidal dunes. Modest platform
flooding, occuring at or below today’s sea level, was associated with skeletal dune
formation, with sediment sources at the bank margins. Furthermore, cement types were
coupled to climatic conditions during early diagenesis rather than source allochem
composition. The occurrence of coarse equant cement in oolitc rocks is connected to
humid climates, while the finely crystallized cements in bioclastic eolianites are thought
to have formed in drier, seasonal climatic regimes. Holocene oolitic eolianites were
dubbed the exception to the rule, as they represent an early transgressive event,
uncharacteristic of OIS 1 sedimentation (Kindler and Hearty, 1996). This is a simple
approach to Bahamian geology, as it connects carbonate eolianite petrography directly to
climate and sea-level changes, while ignoring diverse depositional environments and
allochem compositions.
What is seen in samples from this study is almost a total absence of aragonite.
Halimeda sp. fragments can still be identified in places, but for the most part their
incidence can only be speculated from the presence of molds, micritic envelopes and
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micritic intraparticle pore infillings. Gastropod and bivalve fragments are more likely to
survive because of their more compact crystalline structure. According to Moore (2001),
the dissolution of aragonite may be the most important factor in porosity and
permeability reorganization in high water-flux diagenetic systems. Although the percent
porosity does not vary a lot, the pore space tends to undergo reorganization as the result
of dissolution and cementation. This leads to increasing permeability by means of faster
flow routes, which in turn creates the channel-type and vuggy secondary porosity
observed in almost all samples. The touching-vug porosity co-exists with intergranular
porosity and it is to be expected that as the eogenetic system matures, this porosity will
finally replace the initial interparticle porosity, producing fast flow routes for meteoric
fluids (Vacher and Mylroie, 2002).
Mg-calcite allochems are mainly represented by coralline red algae and benthic
foraminifera. In general the structure of the red algae is preserved almost intact, while the
foraminifera exhibit more dissolution. The algae have a very dense and simple internal
structure, while foraminifera have a more complex microstructure usually given by the
presence of loculi. This increases their surface to volume ratio, and as a result, they
become more susceptible to dissolution than red algae. It is unlikely that the algae are
preserved as Mg-calcite grains, rather they are replaced by low Mg-calcite, with the
preservation of their microstructure. In this case, no CaCO3 is released to the system to be
precipitated as calcite cement elsewhere (Moore, 2001).
The diagenetic signal found in these rocks indicates several meteoric overprints,
but the cementation seems to follow no pattern. Samples from lower level of cave wall
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rock contain the majority of the phreatic cements but these also appear in samples
collected from high locations, such as the entrance chamber of Hatchet Bay Cave. It is
clear that there must have been a phreatic environment in the upper levels of Hatchet Bay
Cave because the chamber is there, but when the event occurred cannot be determined
just by analyzing the petrography of the cave wall rock. What can be determined by
looking at cement morphology is whether we have a meteoric phreatic event or not.
Vadose cements tend to be small equant calcite crystals that appear mostly in pore necks
as menisci, where the water droplets were retained by superficial forces at grain contacts.
Phreatic cements are more evenly distributed around grains and tend to have a larger size.
They can be equant or bladed, if they preferentially develop along the c crystallographic
axis. Moore (2001) states that bladed calcite crystals can be found in brackish
environments, so their presence could then possibly indicate the proximity of a mixing
zone. It would appear that both dissolution and precipitation could occur at the same
time, if the right saturation conditions are attained for different mineralogical phases, and
that in some instances the dissolved material is not transported too far away from the
dissolution site, especially in lower water flux situations. The mere existence of flank
margin caves is evidence of a higher rate of water flux, as a large volume of CaCO3 has
been completely removed. The dissolved material was transported at least as far as the
cave walls.
Matthews & Frohlich (1987) generated a computer model of carbonate shelfmargin diagenesis influenced by high-frequency glacio-eustatic sea-level fluctuations,
which created such complex sequences that it would be very hard to decipher the order of
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actual events from the complex diagenetic patterns produced, just by using conventional
methods. An important implication is that early diagenesis is more complex than it is
generally believed. The rapid initial dissolution, the reorganization of pore space and
permeability and the overprinting by several stages of meteoric vadose and phreatic
cementation make the reconstruction of the diagenetic history of these young carbonates
by petrographic techniques extremely difficult. However, it can be said that eogenetic
systems migrate towards equilibrium by stabilization of mineralogy and precipitation of
cements. How important this turns out for the mesogenetic and telogentic environments is
subject of debate among different authors (see Tucker and Wright, 1990 and references
therein) but processes in the eogenetic realm set the stage for burial diagenesis.
The petrography of eolianites seems to not offer a satisfactory answer to the sea
level question. Direct evidence of a very high sea level during the mid Pleistocene could
be offered by the occurrence of marine deposits at elevations higher than those reported
for OIS 5efeatures. So far, subtidal deposits have not been reported from the Bahamas at
elevations over 4 m above m.s.l. and all radiometric ages indicate deposition during the
last interglacial period (Chen et al. 1991, Carew and Mylroie, 1995a; Muhs, 2002).
Flank margin caves provide an alternate line of evidence for past sea-level
positions. The location of the majority of the Bahamian flank margin caves between 2
and 7 m above m.s.l. indicates a speleogenesis tied to the last interglacial sea-level
highstand (Carew and Mylroie, 1999). If sea level during OIS 11 was indeed at over 20
m, and isostatic subsidence in the Bahamas is 1-2 m per 100 ka on the average, then
mixing-zone caves should be found at elevations between 12 and 18 m above m.s.l. High
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phreatic ceilings were found in Hatchet Bay Cave (>12 m), Ten Bay Cave (~10 m) and
Salt Pond Cave (~12m).
The linearity of Eleuthera Expressway in Hatchet Bay Cave is clearly influenced
by the paleosol separating the dune which hosts the cave from the older underlying
eolianite, which channelized flow in the lens along the strike of this relatively
impermeable horizon. The paleosol also acted as a barrier against which the fresh-water
lens ramped, distorting its shape and dissolving high ceilings. Problems appear when
trying to apply this scenario to the entrance room and the Roundout, which are two
chambers situated in front of the Eleuthera Expressway, with ceilings at over 12 m
elevation (Fig. 35). According to the flank margin model, when mixing chambers become
large enough to be invaded by sea water, the mixing front migrates landward, creating a
back-stepping effect of the fresh-water lens margin. These two chambers could have been
formed in the initial stage of dissolution, when the distorted mixing zone was in their
position. As the lens back-stepped, it also down-stepped as the space occupied by the lens
margin diminished, decreasing the amplitude of the distorting effect. The alternate
explanation is that these two chambers were formed during an earlier highstand, when sea
level was at least 16 m high (OIS 11), and later were intersected by the lower chambers
formed during the last interglacial sea-level highstand.
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Figure 35. Ceilings of over 12 m elevation in the Roundout, Hatchet Bay Cave. Pole with
tape was raised at approximately 9 m.
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Ten Bay Cave and Salt Pond Cave show no evidence of distortion by paleosols or
other heterogeneities in the substrate. Ten Bay Cave was formed in a rather small
eolianite ridge and this had a serious effect on the overall morphology of the cave, which
ended up mimicking the dune shape. Salt Pond Cave on the other hand was not restricted
too much by the overlying topography, so it exhibits classic flank margin morphology,
but at a grand scale. The high ceilings measured in the Lunch Room of Ten Bay Cave and
at the end of the phreatic tube from the northeastern part of Salt Pond Cave can be
explained by transient inflation of the lens in response to storm events. In Salt Pond
Cave, the modern storm surge line, as marked by vegetation fragments, can be observed
at 4.7 m above m.s.l., close to the ceiling of the second large chamber. The oscillation of
the water table due to storm surges coupled with autogenic recharge through the epikarst
during storms can provide a mechanism for carbonate removal from the ceilings, both by
dissolution and mechanical abrasion. The disarticulation of grains from the ceiling,
followed by their gravitational drop into the mixing zone, allows their removal by
dissolution even though the lens was at ceiling elevations or higher for limited amounts
of time. Observations from Altar Cave, San Salvador Island, support this model (Florea et
al., 2004). The 12 m ceiling at the end of Salt Pond Cave can also offer insight to the
behavior of the fresh-water lens inland, as the cave penetrates landward for more than
100 m.
Although all these explanations for the occurrence of phreatic-dissolutional
ceilings at over 8 m elevation stretch some limits, until convincingly proven, caution
must be taken when invoking an OIS 11, 20 m sea-level highstand. If the Stage 11
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highstand did not reach 20 m (but was comparable to the OIS 5e sea-level highstand) and
if some of the large caves found today at elevations of 2-8 m were formed during that
time period, that would imply that the Bahamas underwent little or no subsidence in the
last half million years, contrary to the current belief that the archipelago is slowly
subsiding at a rate of 1-2 m per 100 ka (Carew and Mylroie, 1995a). But until a
speleothem from a Bahamian flank margin cave is dated at more than 130 ka, it is wrong
to assume such. Up to now, all dated speleothems from dry caves in the Bahamas
(although a restricted sample) yielded ages of less than 130 ka, while blue holes
(submerged cave systems) contain stalagmites with ages that range up to 350 ka (Carew
and Mylroie, 1995a).
The fact that speleothems show reinvasion of the caves by a fresh-water lens does
not necessarily mean that they were formed during a pre OIS 5e highstand and invaded
by an aggressive lens during the last interglacial period (Carew and Mylroie, 1999).
Evidence exists for a regression-transgression cycle during OIS 5e, around 125 ka ago,
when coral reefs became exposed to wave action, to attack by shallow water burrowers,
and to pedogenic and karstification processes (White et al., 1998, Wilson et al., 1998).
This sea-level event lasted for about 1500 years and was also recorded as a climatic
oscillation in terrestrial lacustrine sediments of northern Europe (Björck et al., 2000)
strengthening the argument that it was a global event. The etched speleothems could have
been deposited during this time-window and subsequently dissolved when “normal” OIS
5e sea-level was reestablished.
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The chronology of flank margin caves can only be ascertained by detailed
sampling and age-dating of speleothems by means of reliable radiometric techniques such
as Uranium-series thermal ionization mass spectrometry measurements. Future studies
should also concentrate on expanding the cave database and understanding the
relationship between cave formation and the spatial and temporal constraining factors
that govern their speleogenesis.

CHAPTER VII
CONCLUSIONS

Several large flank margin caves from the Bahamas were investigated with
respect to their size, location, geometric parameters, relation to topography and
petrography of the enclosing carbonate eolian ridges. The speleogenesis of large flank
margin caves and their evolution in the margin of a fresh-water lens was tentatively
modeled using a 3D software package.
Large flank margin caves form as the result of the intersection of small and
medium-sized flank margin caves. Roth’s (2004) statistical analyses were confirmed by
our computer simulation, which demonstrated that the probability of a cave intercepting
neighboring voids increases as the cave gets larger, and that the jump in size from one
category to another is not linear.
Once the caves become large enough, so that their dimensions are comparable
with the hosting land mass, the main controlling factor in their development becomes the
overlying topography. If they form under the flank of the enclosing ridge, they tend to be
linear, whereas if they form under the terminus or nose of the dune, they will wrap
around the eolianite, mimicking the former position of the area of maximum dissolution
in the margin of the fresh-water lens.
Phreatic ceilings found at over 12 m elevation can be explained by local
geological and hydrological conditions. If a heterogeneity, such as a paleosol, exists in
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the eolianite ridge, it will control the behavior of the fresh-water lens and thus the
morphology of the cave, due to its relatively impermeable nature. Transient inflation of
the fresh-water lens due to storm events can determine oscillations in the water table that
would create dissolution at elevations higher than 6 m.
Petrography can not be used by itself to determine the age or climatic setting of
eolianites in the Bahamas. The diagenetic history of these dunes is short but complex
nonetheless. As the system evolves, a rearrangement of porosity occurs, usually leading
to increased permeability due to the development of secondary touching-vug porosity.
Several meteoric (vadose and phreatic) overprints can be identified but the succession of
events cannot be determined, as the composition and abundance of cements varies from
sample to sample and from site to site. Before attempting to unravel sea-level history
from eogenetic rocks, more needs to be understood about the geochemical processes
controlling CaCO3 dissolution and precipitation in water lenses on carbonate islands.
Large caves can form in a short time span (e.g. 12 ka). The amount of carbonate
removed is a result of the action of a very powerful dissolution mechanism upon a
diagenetically immature carbonate rock. An OIS 11 speleogenesis for the caves with high
ceilings must be advanced with caution until convincing evidence of a ~20 m highstand is
found. This would include subtidal deposits and flank margin cave horizons above the
reach of last interglacial (OIS 5e) sea levels.
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Table A1. Descriptions of thin sections from 1702 Cave, Crooked Island

Sample

Location

Allochems

Orthochems

CRI 04
1

Survey station
A1 - lower
eolianite

Vadose meniscus
cement

CRI 04
2

Survey station
A2 - upper
eolianite

bioclasts (red algae, foraminifera,
bivalves, echinoderms), peloids;
pressure cracking makes most of the
allochems unrecognizable; dissolution
of allochems leaves behind micritic
fillings of intragranular pores and outer
coatings
bioclasts (red algae, foraminifera,
mollusks), some peloids; ghost
allochems due to dissolution

CRI 04
3

Pillar with
paleosol
between
stations A14
and A15 - upper
eolianite
Pillar with
paleosol
between
stations A14
and A15 micritic crust

bioclasts (foraminifera, bivalves,
gastropods, red algae, echinoderms),
peloids; some evidence of allochem
dissolution

Pillar with
paleosol
between
stations A14
and A15 brecciapaleosol
contact
Pillar with
paleosol
between survey
stations A14
and A15 - lower
eolianite
(altered)
Station A16

rock part: bioclasts (foraminifera and
red algae), peloids; paleosol part: some
bivalve and gastropod fragments

Meniscus cement;
locally whisker
cement; an older
generation of
isopachous cement or
micritic coating?

bioclasts (foraminifera, red algae,
mollusks, echinoderms), some peloids;
evidence of allochem dissolution

Meniscus cement;
locally whisker cement

bioclasts (red algae, foraminifera,
mollusks, echinoderms,
crustaceeans?), some peloids;
allochems showing dissolution; sample
partly micritized - paleosol

meteoric cement,
rimmed allochems;
micrite; gypsum in root
cast

CRI 04
4

CRI 04
5

CRI 04
7

CRI 04
8

allochems barely identifiable due to
advanced micritization

Isopachous cement,
possibly marine in
origin; shows
evidence of
dissolution
Isopachous rims
around allochems;
aragonite in
intergranular pores; a
fine cement fills all the
pores
yellow to brownish
micrite (looks like
microbial film); some
sparite as meniscus
cement in pores or as
isopachous rims
around allochems
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Table A1. (continued)

Sample

Sorting

Roundness

Porosity

Name

CRI 04
1

Moderately
sorted

Subrounded

fabric selective, inter and
intragranular; 17.5%

Biopelsparite
Packstone

CRI 04
2

Moderately
sorted

Rounded

fabric selective, inter and
intragranular; 15.4%

Biosparite
Grainstone

CRI 04
3

Moderately
sorted

Rounded

< 1%

Biopelsparite
Packstone

2.6% in pores of former root
structures

Micrite

CRI 04
4
CRI 04
5

Well sorted

Rounded

0.5 - 5%

Breccia

CRI 04
7

Poorly
sorted

Rounded

varies from 4% in the altered part
to 18.9%

Biopelsparite
Packstone

CRI 04
8

Moderately
sorted

Rounded

0.4 - 7%

Biopelsparite
Packstone;
Upper part Paleosol
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Table A1. (continued)

Sample

Location

Allochems

Orthochems

CRI 04
10

Thin pillar
between survey
stations A14
and A15

bioclasts (red algae, foraminifera,
mollusk and echinoderm fragments),
peloids, ghost allochems-dissolution

possibly isopachous
meteoric phreatic rims
but all pores all filled
with cement; rock
covered with micritic
crust and gypsum in
places

CRI 04
13

Pillar with
paleosol
between
stations A14
and A15 hardground

Sample

Sorting

Roundness

Porosity

Name

CRI 04
10

Moderately
sorted

Rounded

< 1%

Biopelsparite
Packstone

pores - fabric selective following
root structures 3.8%

Micrite paleosol

CRI 04
13

yellow to brownish
micrite (looks like
microbial film); some
sparite as meniscus
cement in pores
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Table A2. Descriptions of thin sections from Salt Pond Cave, Long Island

Sample

Location

Allochems

Orthochems

LI 04 1

end of large
phreatic tube,
above guano
mining ledge;
about 5 m from
the floor

bioclasts (foraminifera, red algae,
echinoderms, some mollusk
fragments); dissolved allochems left
micritic envelopes

vadose meniscus;
equant spar filling
intragranular pores or
allochem molds

LI 04 3

end of large
phreatic tube,
below guano
mining ledge

bioclasts (red algae, foraminifera,
mollusk fragments); micritic envelopes
filled with large equant spar

vadose meniscus
cement;

LI 04 4

floor of phreatic
tube

bioclasts (foraminifera, red algae,
echinoderms, coral fragments?);
dissolution of allochems

vadose meniscus
cement; equant spar
in molds

Sample

Sorting

Roundness

Porosity

Name

LI 04 1

Moderate

Subrounded

primary inter and intraparticle;
secondary moldic and vuggy; 30%

Biosparite
Grainstone

LI 04 3

Moderate

Rounded

primary inter and intraparticle;
secondary moldic and vuggy; 23%

Biosparite
Grainstone

LI 04 4

Moderate

Subrounded

primary inter and intraparticle;
secondary moldic and vuggy;
34.5%

Biosparite
Grainstone
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Table A3. Descriptions of thin sections from Hatchet Bay Cave, Eleuthera Island

Sample

Location

Allochems

Orthochems

EL 04
12

Station 1

bioclasts (red algae, dissolved green
algae and other aragonite allochems,
foraminifera, echinoderms)

phreatic bladed calcite;
vadose meniscus, whisker
calcite and microbial
stringers; gypsum and/or
other sulfate minerals in
vugs; an older
generation(?) of equant or
bladed phreatic cement
along a band of more
cemented sediment; some
syntaxial overgrowth

EL 04
13

Station 3

bioclasts (red algae, dissolved green
algae and other aragonite allochems,
foraminifera, echinoderms, worm?);
remnant micritic envelopes partially
collapsed

phreatic blades (attacked
by dissolution or vadose
cement?)

EL 04
14

Between
survey
stations 1219 -above
guano line

bioclasts (red algae, dissolved green
algae and other aragonite allochems
(bivalve?), foraminifera, echinoderms,
bryozoans?); remnant micritic envelopes
and intragranular pore fillings

EL 04
15

Between
survey
stations 1516; below
guano line

bioclasts (red and green algae,
foraminifera, echinoderms); some
dissolution of more aragonitic
allochems; part of the thin section is
micritized

EL 04
66

Survey
station 4;
below
guano line

bioclasts (algae and foraminifera,
echinoderms), peloids; local dissolution
of allochems; pressure cracking and
detachment of cement rims due to thin
section making process

phreatic blades, some
vadose cement and
syntaxial overgrowth
especially associated with
echinoderm plates; an
older generation of equant
and bladed cement
(meniscus?)
possibly an older
generation of cement, lots
of syntaxial overgrowth;
phreatic blades or equant
crystals dissolved? Traces
of meniscus vadose
cement (recrystallized?)
vadose meniscus and
circumgranular cements

EL 04
67

Survey
station 4;
above
guano line

mostly dissolved bioclasts (foraminifera,
algae), absence of aragonitic allochems

vadose and possibly
phreatic blades and
rhombs that have been
partially dissolved

EL 04
68

Survey
station D5;
above
guano line

bioclasts (algae and foraminifera,
mollusk and echinoderm fragments);
micritic envelopes and pore fillings due
to dissolution

phreatic blades and
syntaxial overgrowth;
some vadose meniscus
and whisker calcite
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Table A3. (continued)

Sample

Sorting

Roundness

Porosity

Name

EL 04
12

Good

Rounded

Biosparite
Grainstone

EL 04
13

Good

Rounded

EL 04
14

Good

Rounded

EL 04
15

Good

Rounded

EL 04
66

Good

Rounded

EL 04
67

Good

Rounded

primary (intra and interparticle) and
secondary (moldic and vugular)
19.7%
primary (intra and interparticle) and
secondary (moldic and vugular)
25.3%
primary (intra and interparticle) and
secondary (moldic and vugular)
25.5%
primary (intra and intergranular)
secondary: moldic and vugular;
18.4%
primary (intra and intergranular)
secondary: moldic and vugular;
16.8%
mostly secondary moldic and
vugular; 28.2%

EL 04
68

Good

Rounded

primary (intra and intergranular)
and secondary; 14.6%

Biosparite
Grainstone

Biosparite
Grainstone
Biosparite
Grainstone
Biosparite
Grainstone
Biosparite
Packstone
Biosparite
Grainstone
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Table A3. (continued)

Sample

Location

Allochems

Orthochems

EL 04
69

Survey
station D5;
below
guano line

bioclasts (red algae and foraminifera;
the aragonitic bioclasts seem to be
absent - dissolution), peloids

vadose and possibly
phreatic blades and
rhombs (older
generation?) that have
been partially dissolved

EL 04
70

Survey
station 8;
above
guano line

bioclasts (foraminifera, red algae,
echinoderms), some peloids; dissolution
of allochems

two generations: phreatic
and vadose

EL 04
71

Survey
station 8;
below
guano line

bioclasts (red algae and foraminifera,
echinoderm plates - mostly dissolved
away), some peloids; exterior of rock is
altered with grains being micritized or
coated by red to black envelopes, also
black and red stains on allochems

mostly vadose meniscus
and microstalactitic finelycrystallized; some bladed
crystals

EL 04
72

Survey
station 17

bioclasts (red algae, foraminifera,
echinoderms), peloids; dissolution of
allochems; concave-convex contacts

phreatic blades and
equant crystals; vadose
meniscus cement

EL 04
73

Between
stations 14
and 15;
above
guano line
Between
stations 14
and 15;
below
guano line

bioclasts (red algae, foraminifera,
micritic envelope remnants from
allochem dissolution), peloids

phreatic crystals; vadose
meniscus cement;
syntaxial overgrowth

bioclasts (red algae, foraminifera,
micritic envelope remnants from
allochem dissolution), peloids

phreatic cements in the
areas of more
cementation; vadose
meniscus, circumgranular
and microstalactitic
cement; microbial
stringers

EL 04
75

Between
stations H3
and H5

bioclasts (red algae, foraminifera),
peloids

phreatic equant cements
in the areas of more
cementation; vadose
meniscus; syntaxial
overgrowth; fiber needles

EL 04
76

Survey
station D9

micritized and oxidized material; some
allochems (red algae, foraminifera) still
identifiable in calcarenitic grains caught
in the matrix

vadose

EL 04
74
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Table A3. (continued)

Sample

Sorting

Roundness

Porosity

Name

EL 04
69

Good

Subroundedrounded

primary (intra and intergranular)
and secondary vuggy; 31.7%

Biosparite
Packstone

EL 04
70

Good

Rounded

primary (intra and intergranular)
and secondary vuggy; 33.4%

Biosparite
Packstone

EL 04
71

Good

Subroundedrounded

primary (intra and intergranular)
and secondary vuggy; 17%

Biosparite
Packstone

EL 04
72

Good

Rounded

Biosparite
Grainstone

EL 04
73

Good

Rounded

EL 04
74

Good

Rounded

EL 04
75

Good

Rounded

primary interparticle and
secondary moldic and vuggy;
20.2%
primary interparticle and
secondary moldic and vuggy;
25.1%
primary interparticle and
secondary moldic and vuggy;
24.4%
primary interparticle and
secondary moldic and vuggy; 22%
along root structures and fissures;
<5%

Paleosol

EL 04
76

Biosparite
Grainstone
Biosparite
Grainstone
Biosparite
Grainstone
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Table A3. (continued)

Sample

Location

Allochems

Orthochems

EL 04
77

Survey
station D9;
below
paleosol

bioclasts (predominantly algae and
foraminifera, echinoderms), peloids allochems appear to be dissolved and/or
fragmented; smaller-sized grains

vadose

EL 04
78

Survey
station D12

bioclasts (predominantly algae and
foraminifera, echinoderms), peloids allochems appear to be dissolved and/or
fragmented; remnants: micritic
envelopes and intragranular pores;
smaller-sized grains

vadose

EL 04
79

Survey
station H19

bioclasts (foraminifera –Peneroplis sp,
algae, echinoderms, bivalve?), peloids;
lots of dissolution

large vadose equant
crystals at grain contacts;
fine circumgranular
crystals; phreatic crystals
in syntaxial overgrowth;
needle calcite
neomorphosed?

EL 04
80

Survey
station
HH38

bioclasts (red algae, foraminifera,
echinoderms, bryozoans, coral
fragments?)

older generation of
phreatic equant crystals;
meniscus and
microstalactitic vadose
cement

Sample

Sorting

Roundness

Porosity

Name

EL 04
77

Good

Rounded

inter and intraparticle (primary);
vugular and moldic (secondary);
25.1%

Biosparite
Packstone

EL 04
78

Good

Rounded

Biosparite
Packstone

EL 04
79

Good

Subroundedrounded

inter and intraparticle (primary);
vugular and moldic (secondary);
25%
inter and intraparticle (primary);
vugular and moldic (secondary);
23.7%

EL 04
80

Good

Rounded

inter and intraparticle (primary);
vugular and moldic (secondary);
21.61%

Biosparite
Grainstone

Biosparite
Packstone
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Table A4. Descriptions of thin sections from Ten Bay Cave, Eleuthera Island

Sample

Location

Allochems

Orthochems

EL 04
54

Station
TBCaTB1 close to
ceiling

vadose meniscus and
whisker

EL 04
55

Station
TBCaTB3

bioclasts (algae, foraminifera,
echinoderm fragments, bryozoans?),
peloids ; some grains have a micritized
envelope which was preserved after
leaching of allochem; pore filling also
preserved
bioclasts (foraminifera, algae, mollusks,
echinoderms); peloids - dissolution of
allochems; remnants: micritic envelopes
and pore fillings

EL 04
56

Station
TBCS7 red crust on
cave wall
Station
TBCS8 eolianite
above
guano line

micritized and oxidized material (mollusk
fragments) + some small radial
organisms caught in microbial goo

micrite; vadose whisker
calcite in cracks

bioclasts (green and red algae,
foraminifera, some mollusk, echinoderm
and bryozoan fragments) , peloids

phreatic bladed calcite dissolved or
neomorphosed; vadose
whisker calcite; syntaxial
overgrowth

Station
TBCS9 clayey
material
below
guano line
Station
TBCaTB11

peloids? A bivalve fragment; radial
organisms; micritization and oxidation

dissolved or
neomorphosed spar;
whisker calcite; gypsum
present

bioclasts (foraminifera, red and green
algae, fragments of mollusks, serpulid
worm tube?; dissolution of allochems

vadose cement

Station
TBCaTB29
- side
passage to
the south ceiling
Station
TBCaTB29
- side
passage to
the south floor
Station
TBCaTB45

bioclasts (red and green algae,
foraminifera, mollusk fragments),
peloids; dissolution of allochems remnant envelopes and pore fillings

vadose meniscus and
whisker; phreatic (?)
equant and blades dissolved or
neomorphosed

bioclasts (green and red algae,
foraminifera, some mollusk, echinoderm
and bryozoan fragments) - leaching of
allochems except for micritic envelope

phreatic bladed calcite;
vadose whisker calcite
and microbial stringers

fragmented and dissolved allochems
(mostly foraminifera and algae, some
mollusks)

vadose cement

EL 04
57

EL 04
58

EL 04
59
EL 04
60

EL 04
61

EL 04
62

vadose meniscus ;
gypsum crystal
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Table A4. (continued)

Sample

Sorting

Roundness

Porosity

Name

EL 04
54

Good

Rounded

intra and inter particle; secondary
vugs 20.27%

Biosparite
Packstone

EL 04
55

Good

Subrounded

intra and interparticle; secondary
vugs and moldic porosity; minimum
30%

Biosparite
Grainstone

secondary 3.8%

Biomicrite;
calcrete

intra and interparticle; secondary
vugs and moldic porosity; 15%

Biosparite
Grainstone

<2%

Clayey
limestone

EL 04
56
EL 04
57

Good

Rounded

EL 04
58
EL 04
59

Good

Subrounded

intra and interparticle; secondary
vugs 28.7%

Biosparite
Grainstone

EL 04
60

Good

Subrounded

intra and interparticle; secondary
vugs 30.9%

Biosparite
Grainstone

EL 04
61

Good

Suroundedrounde

primary (intra and interparticle) and
secondary (vugular) 15.2%

Biosparite
Grainstone

EL 04
62

Good

Subrounded

inter and intraparticle; secondary
vugs; 28.8%

Biosparite
Grainstone
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Table A4. (continued)

Sample

Location

Allochems

Orthochems

EL 04
63

Station
TBCaTB36

fragmented and dissolved allochems
(mostly foraminifera and algae, some
mollusks)

vadose cement - meniscus
and microstalactitic;
needle fiber calcite

EL 04
64

Between
stations
TBCS14-17

bioclasts (green algae, red algae,
foraminifera, mollusk and echinoderm
fragments) - dissolution

vadose meniscus; equant
crystals (some on bivalve
fragments) almost looking
like phreatic cement
dissolved in the vadose
zone; whiskers; locally
micritized; gypsum in root
trace

EL 04
65

Station
TBS29

bioclasts (red algae, ghosts of green
algae, foraminifera, mollusks?); lots of
dissolution

vadose meniscus

Sample

Sorting

Roundness

Porosity

Name

EL 04
63

Good

Subrounded

inter and intraparticle; secondary
vugs; 26.8%

Biosparite
Grainstone

EL 04
64

Good

Subrounded

inter and intraparticle; secondary
vugs; 12%

Biosparite
Grainstone

EL 04
65

Moderategood

Subrounded

inter and intraparticle; secondary
vugs; 24%

Biosparite
Packstone
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Table A5. Descriptions of thin sections from Long Beach Cave, Abaco Island

Sample

Location

Allochems

Orthochems

AB 04 4

Survey
station
LB11;
above
guano line

bioclasts (foraminifera, red algae,
mollusks, echinoderms), some peloids;
evidence of allochem dissolution

equant spar; meniscus
and whisker cement; large
crystals associated with
root casts; sheaths of
microbial filaments

AB 04 5

Survey
station
LB11;
below
guano line
Between
survey
stations
LB6-LB8
Between
survey
stations
LB4-LB12
Survey
station LB2

micritized allochems; recognizable
echinoid crystals, some foraminifera and
red algae

vadose cement, needle
fiber calcite

bioclasts (foraminifera, red algae,
mollusks, echinoderms), peloids;
evidence of some allochem dissolution

equant meniscus and
circum granular spar;
whisker calcite

fragmented and cracked bioclasts and
peloids

vadose meniscus and
whisker

bioclasts (red algae, foraminifera,
mollusks, echinoderms), peloids;
evidence of some allochem dissolution;
paleosol fragment incorporated

what looks like
neomorphosed bladed
crystals; lots of whisker
calcite and microbial
stringers

AB 04 9

Survey
station
LB19

bioclasts (red algae, foraminifera,
echinoderms, mollusks?), peloids;
evidence of some allochem dissolution remnants: micritic envelopes and
intragranular pore fillings; pressure
cracking of allochems due to thin
section making process

vadose stringers

AB 04
10

Survey
station
LB21

dissolved and fragmented bioclasts

vadose meniscus and
whisker calcite; phreatic
equant?

AB 04
11

Between
survey
stations
LB13-LB14

bioclasts (foraminifera, red algae,
echinoderms), peloids; leaching of
allochems; well cemented fragment
incorporated

phreatic equant and
bladed; vadose whiskers;
microbial sheaths and
filaments

AB 04 6

AB 04 7

AB 04 8
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Table A5. (continued)

Sample

Sorting

Roundness

Porosity

Name

AB 04 4

Moderategood

Subrounded

primary inter and intraparticle;
secondary moldic, 12%

Biosparite
Packstone

secondary moldic, 6.7%

Micritized
calcarenite

AB 04 5
AB 04 6

Good

Rounded

primary interparticle; secondary
moldic, 16.6%

Biosparite
Packstone

AB 04 7

Moderategood

Subroundedrounded

interparticle secondary vuggy;
28.5%

Biosparite
Packstone

AB 04 8

Moderategood

Subroundedrounded

intra and interparticle, secondary
moldic and vuggy; 8%

Biosparite
Packstone

AB 04 9

Good

Rounded

Biosparite
Packstone

AB 04
10

Moderate

Subroundedrounded

AB 04
11

Good

Subroundedrounded

primary intra and intergranular,
secondary moldic and vuggy;
23.7%
primary intra and intergranular,
secondary moldic and vuggy;
20.3%
primary intra and intergranular,
secondary moldic; 5%

Biosparite
Grainstone
Biosparite
Packstone

APPENDIX B
THIN SECTION PHOTOMICROGRAPHS
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Figure B1. CRI 04 3: Biosparite composed of Peneroplid foraminifera, green algae
(Halimeda), red algae, mollusk and echinoderm fragments cemented by finegrained mass of phreatic calcite (4X*).

*

Field of view:
3.5 mm × 2.5 mm for photomicrographs taken at 4 times magnification (4X)
1.4 mm × 1 mm for photomicrographs taken at 10 times magnification (10X)
0.7 mm × 0.5 mm for photomicrographs taken at 20 times magnification (20X)
350 µm × 250 µm for photomicrographs taken at 40 times magnification (40X)

123

Figure B2. CRI 04 5: Needle fiber calcite in secondary pore (20X).

124

Figure B3. CRI 04 4: Allochems coated by isopachous cement, in paleosol (4X).

125

Figure B4. CRI 04 13: Paleosol with possible bacterial films coating root casts (4X).

126

Figure B5. CRI 04 2: Biosparite with meteoric phreatic cement superimposed on an older
generation of vadose meniscus cement, at grain contacts (4X).

127

Figure B6. CRI 04 2: Close-up of isopachous rims. Note the morphology of the crystals
indicating a dissolution or neomorphic event (20X).

128

Figure B7. CRI 04 10: Biosparite with allochems cemented by a fine-grained mass of
calcite. Note the allochem ghosts left by dissolution (4X).

129

Figure B8. CRI 04 10: Close-up of the remainders of an aragonite allochem (probably
gastropod) attacked by dissolution (20X).

130

Figure B9. CRI 04 10: Gypsum crystals in the crust coating a bedrock pillar (4X).

131

Figure B10. LI 04 3: Biosparite with vadose meniscus cement at grain contacts. Area of
more cementation can be seen in the lower right corner (4X).

132

Figure B11. EL 04 79: Biosparite with benthic foraminifera and dissolved Halimeda
(4X).

133

Figure B12. EL 04 66: Echinoderm single-crystal plate (10X).

134

Figure B13. EL 04 71: Biosparite showing aragonitic allochem dissolution. Micritic
envelopes and intragranular pore fillings are preferentially left behind (4X).

135

Figure B14. EL 04 66: Biosparite with two generations of vadose cements (20X).

136

Figure B15. EL 04 71: Microstalactitic (pendant) vadose cement forming at the bottom of
micritic in-fillings of primary intragranular pores. The original allochem has
been dissolved away (40X).

137

Figure B16. EL 04 68: Meteoric phreatic calcite crystals forming around and inside
crushed micritic envelopes (20X).

138

Figure B17. EL 04 75: Syntaxial overgrowth single-crystal calcite cement (10X).

139

Figure B18. EL 04 75: Microbial stringers containing calcite whiskers (10X).

140

Figure B19. EL 04 72: Strange growth patterns in meteoric phreatic calcite cements
(40X).

141

Figure B20. EL 04 67: Secondary vugular and moldic porosity (4X).

142

Figure B21. EL 04 75: Blocky calcite spar occupying all pore space and creating areas of
reduced permeability (10X).

143

Figure B22. EL 04 12. Biosparite with phreatic bladed calcite and gypsum in moldic
pores (arrows) (20X).

144

Figure B23. EL 04 72. Allochem coated by bladed calcite of meteoric phreatic origin
(20X).

145

Figure B24. EL 04 57: Biosparite with phreatic cement (4X).

146

Figure B25. EL 04 57: Close-up with phreatic bladed calcite showing evidence of
dissolution (40X).

147

Figure B26. EL 04 61: Biosparite exhibiting large blades of calcite (10X).

148

Figure B27. EL 04 61: Close-up with phreatic euhedral bladed calcite (20X).

149

Figure B28. EL 04 61: Microbial stringers with whisker or needle fiber calcite (20X).

150

Figure B29. EL 04 56: Needle fiber calcite in root cast (20X).

151

Figure B30. EL 04 64: A rare occurrence of fairly well preserved Halimeda allochems
(4X).

152

Figure B31. EL 04 56: Microbiological “goo” with mollusk fragment and radial calcite in
former gas bubble pores (4X).

153

Figure B32. EL 04 64: Gypsum crystal mass in root cast (4X).

154

Figure B33. EL 04 61: Interfingering of bladed calcite crystals, appearing almost as a
meniscus effect (40X).

155

Figure B34. AB 04 6: Biosparite with foraminifera and red algae (4X).

156

Figure B35. AB 04 6: Two types of vadose cement: circumgranular finely-crystallized
equant spar and whisker calcite between grains (40X).

157

Figure B36. AB 04 8: Microbiological stringers composed of needle fiber calcite (20X).

158

Figure B37. AB 04 8: Mesh of acicular calcite crystals between grains (40X).

159

Figure B38. AB 04 4: Small equant calcite crystals mimicking needles and blades (20X).

160

Figure B39. AB 04 4: Blocky equant spar (4X).

161

Figure B40. AB 04 11: Calcified root hair sheaths (20X).

162

Figure B41. AB 04 11: Calcite crystals precipitated around fine root hair sheaths (40X).

163

Figure B42. AB 04 4: Molds (yellow arrows) and perforation of allochems by root hairs
or microorganisms (red arrows) create secondary porosity (4X).

APPENDIX C
COMPUTER MODEL IMAGES
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Figure C1. Salt Pond Cave, Long Island: digitized base map and profiles, all in the same
plane.

166

Figure C2. Profiles translated to their original position. View from the SW.

167

Figure C3. Profile tops. View from the SE.

168

Figure C4. Profile bases. View from the SE.

169

Figure C5. Profile walls. View from the SE.

170

Figure C6. Ceiling (yellow) and floor (blue) surfaces fitted to the point sets (red) created
from the profiles. View from the SE.

171

Figure C7. Wall surface (purple) created by connecting the borders (green) of the floor
and ceiling surfaces. View from the SE.

172

Figure C8. Cave surface obtained by merging the floor, ceiling and wall surfaces. View
from the SE.

173

Figure C9. Column outlines were used to create tubular surfaces that intersect the cave
surface. View from the S.

174

Figure C10. Column surfaces. View from the S.

175

Figure C11. Cave surface after merging with column surfaces. Top view.

176

Figure C12. Smoothed cave surface with entrances and skylights. View from the SW.

177

Figure C13. Topographic map of the portion of Long Island comprising Salt Pond Cave.
Grid is 1000×1000 m.

178

Figure C14. Surface created from the digitized contour lines.

179

Figure C15. Smoothed surface of the area (yellow) above Salt Pond Cave (green).
Vertical exaggeration 10X.

180

Figure C16. Salt Pond Cave and its relation to the overlying topography. Top view.

181

Figure C17. View from the S of the hillside enclosing Salt Pond Cave. Vertical
exaggeration 10X.

182

Figure C18. Reconstruction of the fresh-water lens margin at 6 m elevation.

183

Figure C19. Horizontal constraints for cave growth in the lens margin. Maximum size is
6 m (blue) and minimum size is 1 m (red).

184

Figure C20. Vertical constraints for cave growth in the lens margin. Maximum size is 3
m (white) and minimum size is 1 m (red).

185

Figure C21. Probability of appearance of nucleation sites in the margin of the lens:
0-70% (blue).

186

Figure C22. Three dimensional grid intersecting the fresh-water lens.

187

Figure C23. Probability of cave appearance, transferred from the lens to the grid.

188

Figure C24. Vertical slice of the grid showing the lens margin. The probability of
appearance of caves increases from the yellow areas to the blue ones.

189

Figure C25. Seeds generated in the first phase (white cells).

190

Figure C26. Moving windows applied to the first phase seeds to smooth overall cell
values.

191

Figure C27. Second phase voids (white).

192

Figure C28. Moving windows applied to the second phase cells.

193

Figure C29. Third phase voids (white).

194

Figure C30. Moving windows applied to the third phase cells.

195

Figure C31. Fourth phase voids (white).

196

Figure C32. Moving windows applied to the fourth phase cells.

197

Figure C33. Fifth phase voids (white).

198

35 m
Figure C34. Illustration of back-stepping of the lens region.

199

Figure C35. Fifth phase voids intersected by the new lens region used as seeds (white) for
simulating a second generation of chamber development.

200

Figure C36. Moving windows applied to the second generation seeds.

201

Figure C37. Second generation, first phase voids (white).

202

Figure C38. Moving windows applied to the second generation, first phase cells.

203

Figure C39. Second generation, second phase voids (white).

204

Figure C40. Moving windows applied to the second generation, second phase cells.

205

Figure C41. A third and final phase of second generation chambers.

206

Figure C42. Cave region after first phase of simulation.

207

Figure C43. Cave region after second phase of simulation.

208

Figure C44. Cave region after third phase of simulation.

209

Figure C45. Cave region after fourth phase of simulation.

210

Figure C46. Cave region after fifth phase of simulation.

211

Figure C47. Seeds used for the second generation of the simulation.

212

Figure C48. Cave region after the first phase of the second generation of the simulation.
First generation chambers are shown in white.

213

Figure C49. Cave region after the second phase of the second generation of the
simulation. First generation chambers are shown in white.

214

Figure C50. Cave region after the third phase of the second generation of the simulation.
First generation chambers are shown in white.

215

Figure C51. Computer-generated flank margin caves: surfaces were created from the cave
region in the grid. Different colors represent different caves.

216

Figure C52. Simulated caves in the margin of the fresh-water lens. Note the resemblance
between the large cave in the center (blue) and Salt Pond Cave, Long Island.

217

Figure C53. Simulated caves in the margin of the fresh-water lens. Note the resemblance
between the cave from the bottom half of the image (yellow) and Hamilton’s
Cave from Long Island.

218

Figure C54. Large flank margin cave (orange) formed by the intersection of adjacent
caves. Note the small connection between chambers. Also note the second
generation cave (light blue) separated by a very thin wall partition but not
linked to the former cave.

